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FOREWORD 


This report is submitted by The Marquardt Company in accordance with 
the requirements of NASA Contract NAS3-14349. The work w as administered 
by the NASA Lewis Research Center, Cleveland, Ohio, with Mr. R. Grey as 
the NASA Tech’--' cal Project Manager. 

This program was performed by the engineering department of The 
Marquardt Company at the Van Nuys facility. The Project Manager was Mr. 
H. Wichmann. Other contributors to this program were Messrs. D. Phillips, 
A. Malek, I. Dickens, E, Benz, R. Alger, R. Dunlop, W. Newhouse and 
R. Dickinson. 



ABSTRACT 


Valves for the gaseous hydrogen/gaseous oxygen Shuttle Auxiliary Pro- 
pulsion System are required to feature low leakage over a wide tempera*' ^e 
range coupled with high cycle life, long term compatibility and minimum 
maintenance. In addition, those valves used as thruster shutoff valves must 
feature fast response characteristics to achieve small, repeatable minimum 
impulse bits. These valve technology problems were solved by developing unique 
valve components such as sealing closures, guidance devices, and actuation 
means and by demonstrating two prototype valve concepts. One of the prototype 
valves was cycled over one million cycle^ without exceeding a leakage rate of 
27 sec's per hour at 450 psia (310. N/cm ) helium inlet pressure throughout the 
cycling program. 
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SUMMARY 


The objective of NASA Contract NAS3-14349 was the development of valve 
technology for pulse modulated gaseous hydrogen/gaseous oxygen thrusters for 
the Space Shuttle Auxiliary Propulsion System. These thruster valves are re- 
quired to operate for one million cycles over a ten-year period with zero main- 
tenance, very fast response, very low leakage, and over a wide temperature 
range. The program included the tradeoff of various valve concepts and their 
subcomponents; conceptual design, analysis, fabrication, and test evaluation 
of sealing closures; design layouts of candidate flightweight valves, detail df 
sign, fabrication, and test evaluation of two test fixtures featuring a variety of 
valve subcomponents; and culminated in the successful demonstration of one 
million cycles with one of these test fixtures. A design layout of the recommended 
flightweight valve design was also prepared. 

The initial part of the program included two parallel tasks entitled, "Valve 
Subcomponent Analysis " and "Conceptual Design and Sealing Closure evaluation. " 
The valve subcomponent analysis and conceptual design task served to identify 
potential valve concepts and their subcomponents such as guidance devices, 
actuators, linkages, and sealing closures. JSince the ability to meet the 100 see 
per hour of helmm at 450 psia (310. 3 N/cm ) inlet pressure maximum leakage 
requirement over a wide temperature range (-260 to + 390 C f ) (111 to 472 K) 
under fast response conditions and, therefore, under high impact loads for one 
million cycles was considered a severe requirement, an analytical and experi- 
mental sealing closure evaluation program was performed. Ten (10) sealing 
closure concepts featuring a wide variety of materials such as polyimides, gold 
plating, Inco 718, ceramics, teflon, and Custom 455, and including both 
spherical and flat sealing closure interfaces were conceived. Of these ten (10) 
concepts, seven (7) we\*e selected for fabrication and test evaluation in the Rapid 
Screening Tester which was specifically designed for this program. The Rapid 
Screening Tester fully simulated valve guidance techniques by featuring metallic 
flexure guidance and had a stroke capability of one inch. The Rapid Screening 
Tester further had the capability of varying both static and dynamic loads at the 
sealing closure interface to simulate actual valve conditions. Sealing closure 
interface criteria such as static load, dynamic load, surface finish, maximum 
allowable scrubbing distance during mating, etc. were generated by means of 
analytical leakage model. Sealing closure evaluation tests with the Rapid Screen- 
ing Tester included cycling of each sealing closure to 100,000 cycles at -260 F 
(111 K). Four (4) of the seven (7) sealing closures successfully passed the seal- 
ing closure screening tests and were considered suitable for incorporation into 
the test fixture designs of this program. These four (4) sealing closures were 
identified as a flat polyimide seat, spherical polyimide seat, flat tungsten carbide 
seat, and gold-plated lip seat. Both the flat polyimide seat and the gold-plated 
lip seat were subsequently incorporated into the test fixtures that were evaluated 
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during tills program. Also, the analytical leakage model was updated at the end 
of the sealing closure evaluation program to agree with the experimental data 
obtained during this program. 

During the initial months of the Advanced Technolog}’ for Space Shuttle 
Auxiliary Propellant Valves Program, valve subcomponent analysis and con- 
ceptual design for application to both a 20 psia (13. 8 hi /cm - ) and a 400 psia 
(276 N/cm - ) inlet pressure were performed. However, as a result of other 
gaseous hydrogen/gaseous oxygen propulsion system p.'ogranv* sponsored by 
NASA, it became apparent that the 400 psia (276 N / :m - ) inlet pressure system 
was the preferred application and consequently valve design layouts and test 
fixture °valuc + lcn performed during this program consisted of only those concepts 
that were directly applicable to the high pressure requirement. The valve sub- 
component analysis and conceptual design concluded that a poppet -type valve 
ut’Tizing the gaseous propellant supply pressure for actuation was the most 
promising type of concept for this application. Within this type of concept, 
several arrangements are possible such as double pressure actuation, pressure 
actua;ion to open and spring return, or vent to open and spring return, and all 
of these with oi without pressure balancing of the poppet. These possible arrange- 
ments were explored in more detail and preliminary design layouts of three of 
these concepts were prepared. Two of these concepts were finally chosen for 
detail evaluation and detail design drawings of test fixtures of these concepts 
were subsequently accomplished. 

Two separate test fixtures were detail designed, fabricated, and test 
evaluated to permit a comparison of various valve subcomponents such as guid- 
ance devices — flexures vs. sliding fits, dynamic seals — teflon jacketed sliding 
seals vs. bellows, static seals — teflon jacketed seals vs. welded joints, and 
seabng closures. The test fixtures were designed such that the moving elements 
were of a flightweight configuration, but the housings were boilerplate and 
featured several joints which could be readily disassembled to permit inspection 
of all inner parts of the valve assembly. 

Each of the two test fixtures was cycled 13C, 300 cycles with gaseous 
nitrogen at an operating pressure of 400 psia (27 ’ f‘/cm ) and over a temperature 
range of -260 to -’-390 F (111 to 472°K). Leak checks of all static and dynamic 
seals, as well as response tests and pressure drop tests, were performed 
periodically to termine test fixture performance degradations, Both test 
fixtures successfully achieved the 100,000 cycle requirements. Post test inspection 
and teardown of these test fixtures did, however, indicate several problem areas. 
These included the wear -out of the sliding i eflon jacketed dynamic seals, ex- 
cessive leakage of the pilot valves, and the loosening of a locknut and some re- 
sultant damage from this loosening in one of the test fixtures. However, sealing 
closure leakage performance, which was considered the most severe requirement, 
was excellent for both of these test fixtures. 
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Upon completion of the test fixture evaluation program, additional funding 
was received from NASA to permit the extended life cycling of the more prom- 
ising of the two test fixtures. During this extended life cycling, a bellows as 
well as a welded static seal failure and some minor operational proolems with 
the pilot valves, were experienced. However, after these items were repaired, 
over one million cycles were demonstrated successfully witn the selected test 
fixture. Maximum leakage rate through the main valve during this cycling^pro- 
gram never exceeded 27 sec's per hour of helium at 450 psia (310. 3 N/cm ) 
inlet pressure. 

Based upon the test results of the test fixture evaluation program and the 
extended cycling program, a final flightweight valve design layout was prepar d. 

In conclusion, the Advanced Technology for Space Shuttle Auxiliary Pro- 
pellant Valves Program successfully generated and demonstrated the technology 
required by valves featuring very low leakage over a wide temperature range in 
combination with fast response and very high cycle life. The program further 
resulted in the demonstration of components which, through a choice of materials 
and design concepts, appear to have the capability of meeting the ten -year life 
and zer ~ maintenance requirement of the Space Shuttle. 
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INTRODUCTION 
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The valve technology program described in this report was performed 
in support of the Space Shuttle Program of the National Aeronautics and Space 
Administration. The Space Shuttle vehicle is designed to provide low cost 
transportation to earth orbit to support a variety of missions, including logistic 
resupply of a space station. To achieve maximum cost effictiveness, the Space 
Shuttle will be designed for up to one hundred (100) flights (reuses) over a ten- 
year operational life time and be capable of relaunch within two weeks after 
earth landing. The system will be designed to minimize required post flight 
refurbishment, maintenance and checkout, and for simplicity and ease of main- 
tenance when required. An Auxiliary Propulsion System (APS) is required for 
attitude control of the orbit er stage during all phases of the mission. As origin- 
ally conceived, the APS was to utilize the hydrogen/oxygen propellant combina- 
tion. At the outset of the program described in this report, both low pressure 
(20 psia) (13. 8 N/cm 2 ) and high pressure (400 psia) (276 N/cm 2 ) gaseous pro- 
pellant operation was under consideration. The APS studies have indicated a 
wide range of engine duty cycles from small pulse widths to long continuous 
firings. The pulse mode operation of rocket engines of the 3ize (1600 lbs 
thrust) (6672 N) propeliant phase, and service life that is required for the APS 
had never before been accomplished. Therefore, the valve design philosophy 
and accepted design practices of past applications had to be extrapolated and 
new approaches developed for the propellant valves required to control the 
pulsing of the engines to achieve the high cycle life, low leakage, and fast re- 
sponse requirements of the Space Shuttle APS. 

The performance requirements of the APS valves are presented in 
Table I. During the performance of the Space Shuttle Auxiliary Propellant 
Valves Program (NAS3-14349) described in this report, it became apparent 
that the high propellant pressure auxiliary propulsion system was more prom - 
ising that the low propellant pressure approach. Consequently, the work on 
the low pressure valve concepts was terminated after initial tradeoff studies 
and sealing closure evaluations and the work was subsequently concentrated on 
the high pressure system. The program, as originally contracted by NASA, 
included the demonsti ation testing of two prototype valves to 100,000 actuations 
each. At the completion of these 100,000 cycle tests, the NASA -Lewis Research 
Center provided additional funding to permit life cycle testing of one of the pro- 
totype valves through one million cycles. Thus, it was possible to demonstrate 
exceptionally high cycle life capability. 

The Space Shuttle Auxiliary Propellant Valves Program consist* d of five (5) 
principal tasks: an extensive valve subcomponent analysis and conceptual design 
tradeoff study; the preparation of valve preliminary design layouts; the design, 
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TABLE 1 -PERFORMANCE REQUIREMENTS 


1 . 

3. 

4. 

5. 


Valve Type 
Propellants 


Single or Bipropellant 

Hydrogen 

Oxygen 
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Operating Temperature Range 200°R to 850°R (111 to -172°K) 


Propellant Temperature Range 
Hydrogen 
Oxygen 

Propellant Pressures at 
Valve Inlet 

High Pressure System 
Low Pressure System 

Pressure Drop (Maximums): 
High Pressure 
Fuel 

Oxidizer 


Low Pressure 
Fuel 

Oxidizer 

7. Opening and Closing Response 

8. Internal Leakage 

9. External Leakage 

10. Operating Life (Goal) 

11. Maintenance 

12. Size and Weight 

13. Proof Pressure 

14. Burst Pressure 

15. Failure Criteria 


200°R to 800°R (111 to 444. 5°K) 
250°R to 800°R (139 to 444. 5°K) 


400 ± 50 psia (276 ± 34.5 N/cm 2 ) 
20 ± 5 psia (13.8 ± 3.5 N/cm 2 ) 


5 psi at 0. 69 pps and 540°R 

(3,5 N/cm 2 at 0.313 Kg/sec and 300°K 

5 psi at 2.76 pps and 540°R 

(3.5 N/cm 2 at 1.25 Kg/sec and 390°K) 

1 psi at 1. 14 pps and 540°R 

(0.69 N/cm 2 at 0.52 Kg/sec and 300°K) 

1 psi at 2. 86 pps and 540°R 

(0.69 N/cm 2 at 1.3 Kg/sec and 300°K) 

10-15 milliseconds; total response less than 
30 ms signal to open 

100 scc/hr. with Gaseous Helium at operating 
pressure and temperature for Items 4 and 5 

1 x 10”® scc/sec with Gaseous Helium at operating 
pressures and temperature per Items 4 and 5 

1, 000, 000 Cycles and 10 Years 

There shall be no maintenance of components during 
the design life period. • 

Design to minimum 

1.5 Times Operating Pressure 

1.33 Times Proof Pressure 

The valve shall fail safe close under normal operating 
conditions. 
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fabrication, and the thorough feasibility testing of sealing closures and ' 
subcomponents; the preparation of detailed flightweight valve design i -ts 
based on the established design criteria and the test results from the pi .ndous 
tasks; and the preparation of various reports. This program approach is shown 
schematically in Figure 1. 

Task 1 consisted of the conceptual design and analysis of valve subcom- 
ponents such as fluid shutoff devices , actuators , inkages and related support- 
ing parts. These devices were sized for application to the gaseous hydrogen 
and gaseous oxygen shutoff valves for thrusters operating ^t 1500 lbs 2 

thrurt and at inlet pressures of either 20 psia (13. 8 N/cm ) or 400 psia (276 N/cm ). 
The types of shutoff devices and supporting parts considered include the follow- 
ing subcomponents: 


Shutoff Devices 


Supporting Parts 


Poppet 

Blade or Gate 

Diaphragm 

Ball 

Butterfly 

Spool 


with 


< 


Hard and soft seals 

Sliding, flexure and ballbearing guidance 
Single piece and slotted concepts 
60° and 90° rotation 
Impact dampers 

Retractable seals and force loaded seals, 
Soft and Metallic dynamic seals 
Balanced and unbalanced concepts 


The actuators, actuator details, and linkages that were analyzed during the subject 
program consisted of the following devices: 


Actuators 


Actuator Details 


Solenoid 

Linear electric torque motor' 
Rotary electric torque motor 
Double pressurized piston 
Spring return piston 

J 


bJD 

a 

•a 

a 

d 


Vane-type, rotary actuator 


Sliding flexure and ballbearing guidance 
Impact dampers 

Bellows, diaphragms and dynamic seals 
Using propellant supply pressure 
Using 3000 psi pneumatic or hydraulic supply 
pressure 


With Linkages 


Bell crank or cam 
Ballbearing or friction screw 
Rack and piDion 
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Due to the severity of the leakage requirement over the wide temperature range 
and particularly at the elevated temperature of 850°R (472°K), and also to limit the 
number of tradeoffs whie , had to be accomplished, Task I of the program included 
the use of data from a series of sealing closure screening tests. To select the 
sealing closures to be subjected to these screening tests, a sealing closure trade- 
off study was performed init !y which compared such characteristics as stroke, 
moving mass, seating force or torque, actuator force or to ‘que required to move 
the closure witnin the required 15 to 20 millisecond response, predicted leakage 
rate, cycle capability, and filtration requirement. In addition, a qualitrtive 
point rating system utilizing a scale of 1 to 10 points svas established to evaluate 
test parameters such as materials compatibility, pressure and venting hazards, 
reliability to operate at maximum and minimum temperatui e, degree of fabri- 
cation, inspection and assembly difficulty contamination sensitivity, etc. 

Based on this criteria, the sealing closures subjected to the screening tests were 
selected. Subsequently, the data from the screening tests were utilized to update 
an analytical leakage characteristics model for each promising sealing closure 
and these sealing closures were then further considered during the husk I trade- 
off study. 

Once the most promising sealing closures were selected, the conceptual 
design and analysis tradeoff study considered various fluid shutoff devices and 
supporting parts , actuators and linkages which were applicable to the particular 
sealing closure design and a tradeoff of these devices was performed. At the 
conclusior of Task I, two fluid shutoff devices and two actuator concepts for each 
propellan t re selected. 

Task II consisted of the preparation of hydrogen/oxygen valve preliminary 
design layouts incorporating the two selected configurations of fluid shutoff 
devices and associated actuators for the APS valves. Tnese preliminary designs 
were scaled drawings which completely defined the valve concept and which were 
sufficient to permit the detailed design of critical valve subcomponents. 

Task III consisted of two pa.ts, namely: a sealing closure screening test phase 
and the valve subcomponent evaluation test phas r '. The sealing closure screening test- 
ing supported the conceptual design and analysis tradeoff performed during Task I. 

The valve subcomponent evaluation consisted of the testing of complete valving units 
of fluid shutoff and associated actuator concepts which featured the internal dimensions 
and mechanisms of the valve preliminary designs. Testing included cycling to 100, 000 
cycles and over the temperature range of 200° to 850°R (111 to 472°K), with numerous 
functional checks performed during tht cycling. Subsequently, one prototype valve was 
cycled for one (1) million cycles at ambient temperature. 

Task IV consisted of a review of the exper mental valve subcornponei t data 
d the selection of a preferred valve design approach for the hydrogen an! oxygen 
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valve based cm both the experimental data and the analysis and conceptual des>en 
performed during the early part of the program. The experimental data and 
the preferred valve design approaches were then discussed at a design review 
meeting. At this design renew, the optimum valve design was selected and a 
fiichtw eight design layout of this concept was subsequently prepared. 

The Space Shuttle Auxiliary Propcllair Valves Program served to demon- 
strate new sealing closure concepts and guidance techniques, and that by properly 
combining these valve subcomponents , it is indeed possible to demonstrate shut- 
off valves featuring high cycle life and high response whil reliably maintaining 
low leakage characteristics. 
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SEALING CLOSURE EVALUATION 

The reliability oi . sealing closure in any fluid shutoff valve depends 
on the severity of its allowable leakage requirement for a given number of 
closing cycles and the environment in which it must operate. Therefore, one 
of the first program tasks was to establish the design criteria for the sealing 
closure. This task consisted of a valve sealing ulosure which wbuld best meet 
the stringent performance tradeoff study to select promising valve seal en- 
closures and a rapid screening test program to obtain actual performance data 
with these promising sealing enclosures. 

To assure that the most advanced state -oi-the-art of valve technology 
was being applied during the performance of this program, a special effort 
was made to review all available reports on valve technology and to contact 
various Government ageneie 0 and vendors for up-to-date information. A list 
of pertinent reports that were reviewed is presented in the section entitled, 
"References. " 


Sealing Closure Sizing 


To facilitate the prediction of various performance and physical character- 
istics of the valves for the specific applications, certain design data are com- 
bined to yield the flew factor (C A 1 of each valve. This value is indicative 
of the valve’s required flow area to meet the pressure drop requirement and 
lepreaeuts the equivalent orifice of the valve. A substantial amount of data 
is available which relates various valve types to the equivalent orifice coefficient 
<0 L Therefore, for each application, the flow tactor can be calculated and for 
each valve type, the minimum flew area required can be determined by appli- 
cation of an appropriate equivalent orifice coefficient. Combining flow rate, 
pressure drop, inlet pressure and flowing media characteristics, the valve 
application flc’y factor can be expressed as: 


C d \ = 


wTht 


27 - s=i, i vA 


/ P 2 \ I 

1*1 I ^ 


/P2\£& 


v 


i / 


i 
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where: 


c d A , 


W " 
R = 


T = 



P 


2 


o 

flow factor — in 
flow rate — lb/sec 
gas constant of media - 

lb-'T. 

media temperature — R 
inlet pressure — psia 

specific heat ratio of media 
outlet pressure = - AP — psia 


Ap = allowed pressure drop — psi 


Marquardt previously conducted an extensive parametric study of 
gaseous propellant injector valves, under NASA -Houston Contract NAS9- 
10886. That effort utilized the valve flow factor (C^A^) as a ke^ input to 
a program for predicting valve performance and physical characteristics. 
The calculation of the flow factor for this application permitted the pre- 
diction of a number of useful parameters by the methods developed during 
the parametric study. 

For speciLc cases of this program, the calculated flow factors are: 


Propellant 
Inlet Press, psia 
AP psi 
W pps 

C A " 


20 (13. 8N/cm“) 

1 (0. 69N/cm 2 ) 

2.86 (1. 3Kg/sec) 
13.30 (85.81 cm 2 ) 


(276N/cm 2 ) 
(3. 5N/om 2 ) 
2. 76 (1. 25Kg/sec) 

1. 256 (8. 103cm 2 ) 


Oxygen 
400 
5 



Propellant 

Inlet Press, psia 

AP psi 
• 

W pps 
c d\ “ 2 


Hydrogen 


20 (13. 8N/cm 2 ) 

1 (0. 69N/cm 2 ) 

14 (0. 52Kg/sec) 
21.20 (136.77cm 2 ) 


400 (276N/cm <i ) 

, 2 

5 (3. 5N/cm ) 

. 69 (0. 31Kg/sec) 

2 

1. 256 (8. 103cm ) 


Based on these calculations, it was evident that the valve orifice size 
range of interest was from 1-1/4 to 6-1/2 (3. 175 to 16. 51 cm) ire, diameter. 
Because of the greater difficulty of sealing at 400 psi (276 N/cm") as compared 
to 20 psi (13. 8 N/cm ) inlet pressure, a sealing closure evaluation diameter 
of 2 inches (5 cm) was chosen for the rapid screening tests. 

The prediction of the closing motion impact magnitude requires knowledge 
of moving mass and dynamic characteristics of the closing motion. Employing 
the parametric analysis techniques developed under NASA Contract NAS9-10886, 
these characteristics can be estimated as a function of the calculated flow 
factors (C ^jA^) for each case. 

/ 2 

Moving mass for the inlet pressure range from 0 ‘o 400 psia (276 N/cm ) 
has been found to correspond to the relationship 


M 

v 



M 

v 


V. 

c. 

d 


moving mass - lbs 
2 

flow factor — in 
orifice coefficient 


This relationship ie valid for poppet type closures wherein linear occurs. The 
moving mass (M ) is defined as the mass of the closure moving element, ex- 
cluding the actuator. Since the actuation mechanism may be any of a number 
of candidate devices, it is assumed that the motion of all moving elements takes 
place at constant acceleration. From the parametric analysis program, the 

valve stroke is related to the flow factor (C A ) by 

c t 
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s 



where S = stroke — in. 


and if the allowable time for total motion (full open to full closed) is considered 
to be 15 milliseconds, the constant acceleration of the moving element is 


a 



where a = acceleration — 


in 

<7 

sec 


t = allowable motion time — seconds 
and the terminal velocity of the moving element becomes 


2 S 

V t t 

where = terminal velocity 


in 

sec 


Assuming that the actuation device is a pneumatic cylinder, the parametric 
analysis program yielded data which estimates actuator moving mass (M^). 
A summary of the resultant parameters which provided the basis for impact 
considerations is as follows: 


Case 

Tester 

Equiv. 

Size 

400 psia 2 
(276 N'/cm ) 

\tv°s 2 

20 psia 
(13. 8 N/cm ) 
H Valve 

20 psia 
(13. 8 N/cm' 
0 2 Valve 

2 

Flow Factor (in ) 

2.04 

i.25 2 

21 * 2 2 

i3.3 2 


(13. 16 cm ) 

(8. 06 cm ) 

136. 8 cm ) 

(85. 8 cm ) 

Stroke (ir.) 

. 5 

.393 

1.62 

1.28 


(1. 3 cm) 

(. 998 cm) 

(4. 12 cm) 

(3. 25 cm) 

Shutoff Device (lb) 

.2 

. 18 

1.70 

.85 

Moving Mass 

(6. 09 Kg) 

(0. 08 Kg) 

(0. 77 Kg) 

(0. 39 Kg) 

Actuator Moving (lb) . 02 

.012 

.011 

.010 

Mass 

(0. 009 Kg) 

(0. 005 Kg) 

(0. 005Kg) 

(0. 004 Kg) 

A cceleration (in/sec ) 4440 

3490 

8150 

6450 

ycm/aec ) (11278) 

(8865) 

(20701) 

(16383) 

Terminal (in/sec) 

66.6 

52. 3 

163 

129 

Velocity (cm/ sec) 

(169. 2) 

(132. 8) 

(414) 

(328) 


Impact characteristics, based upon the total moving mass and dynamic 
characteristics can be determined from the total kinetic energy at impact. 
These values are tabulated below based u ( on the following relationships. 


k -e. -i 





where K. E. 



M t - (M + M a ) V t 


= Kinetic Energy — 


• 2 ,U 

m lbf 


sec 2 

moving mass (poppet) — lb 


moving mass (actuator) — lb 
terminal velocity 


Case 


Tester 

Equiv. 

Size 


400 psia 
(276 K/cm ) 

H 2 & °2 

Valves 


20 psia 
(13. 8 N/cm ) 
Valve 


20 psia 
(13. 8 N/cm ) 
C> 2 Valve 


M + M lb 
v A 


.22 .192 

(.485 Kg) (.423 Kg) 


1.71 .86 

(3.77 Kg) (1.90 Kg) 


V 


T 


K. E. 


in/sec 

66. 6 

52. 3 

163 

129 


(169. 2 cm/sec) 

(132. 8 cm/sec) 

(414 cm/sec) 

(328 cm/sec) 

in 2 lbf 

487 

263 

22,750 

7170 

2 

sec 

(. 142 NM) 

(. 077 NM 

(6. 66 NM) 

(2.10 NM) 


M 

t 


in lbf 
sec 


14.6 
(1. 65 


KM 

sec 


ic 05 VTW 

sec 


279 .... Ill 

NM NM 

(31.5 — ) (12.54-—) 

sec sec 


Based on these kinetic energy^dete^ninations , it was decided to use 
500 (. 146) and 2500 lb (. 782 NM) in /see“ as the test objective values for the 
high pressure and low pressure sealing closure tests, respectively. Use of the 
2500 figure to simulate the low pressure valve kinetic energy is based on the 
square of the diameters ratio which applies approximately as a scaling factor. 
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Analytical Leakage Model 


To assure the successful conception and design of seal enclosures for 
the Space Shuttle Auxiliary Propellant Valves, it was essential to develop an 
understanding of the factors affecting seal enclosure leakage characteristics. 
Furthermore, since the rapid screening testing of the seal enclosures were 
performed with the same size seal enclosure (2 inches nominal diameter), it 
was essential to develop the scaling capability from this nominal size to the 
actual valve sizes required as discussed in the section entitled, "Sealing 
Closure Sizing" of this report. For these reasons, substantial effort was 
expended in developing a preliminary v^.lve leakage Math Model. 

In general, the mechanism of leakage extends from permeation flow in 
solid walls to laminar flow in the interface between walls to gross flow in an 
interstice or gap. A preliminary objective in determining appropriate 
analytical techniques concerning leakage is to define the leakage path as a 
function of the forces involved. If this can be suitably achieved, certain 
theoretical equations can be employed to calculate the leakage values. The 
choice of the correct equation or combination of equations is dependent upon 
the particular flow regime. A tabular summary of the flow regimes and their 
identification is shown in the following table. 


DEFINITION OF FLOW REGIMES 


N_ > 2200 

K6 

1800 < < 2200 

x 

N_ < 4000, -r < 1. 00 
Mi n 

0. 01 < ~ < 1. 00 

-r > 

Not Defined 


Turbulent Flow 
Mixed Flow 
Laminar Flow 

Transition Flow 

Molecular Flow 
Diffusion Flow 


Where: 


N 


HE 


h 


Reynolds number 
Molecu’ar mean free path 
Characteristic channel dimension 
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Examination of the auxiliary propellant valve leakage requirements 
(Q slOO scc/hr of helium) identifies the flow region of interest as that of the 
transition flow regime. References 1 and 2 suggest the use of an empirical 
relationship combining the laminar flow and molecular flow equations in the form 
\V = W + e W oi , to define the flow in the transition region. As 

discusse<?m a ]Werence f? tK molecular flow factor t is close to unity and was 
so assumed for this study. 

The laminar and molecular flow equations using valve geometry notations 
are as follows: 


W. = K, 


h 3 p b (p\ - p 2 2) 
MLRT 


W M = K 2 


H D 8 ( P 1-P2) 

L \/R T 


In terms of volumetric flow at standard conditions, the above equations take the 
following form: 


Q = 


4. 64 x 10‘ 




- A) 


li L T 


H 



4. 14 x IQ 8 P B ^ - P 2) 
L 




Leakage rate of helium cc/hr 

Mean valve seat diameter in. 


Supply pressure psia 


Downstream pressure 
Viscosity 

Valve land width 
Gas Temperature 
Effective leak path height 


psia 

Ib-min 



in. 
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-vs repeatedly pointed out in the reference literature reviewed, the 
effective leak path dimension, H, is a most difficult parameter to define, 
particularly by analytical methods. References 1 and 2 both theorized solutions 
proposing H to be a function of the peak to valley roughness heights of the mated 
materials modified by a deformation factor which included the seating stress. 
From a direct analytical consideration, Reference 1 assumed various geomet- 
rically defined surfaces, including a sinusoidal topography and applied the Hertz 
stress equations to define surface finish deformation under load. This con- 
sideration took into account the elastic properties of the material and its yield 
strength. Reference 3 showed empirical results which related the cube of the 
leakage path height to a load factor composed of seating stress and material 
hardness. Considering the above results, path relationship composed of the 
following factors was used for this study. 


where: 


H = M( h l + *2X1 

M = .68 for assumed sinusoidal surface, laminar flow 

M = .61 for assumed sinusoidal surfaoe, molecular flow 

= peak to valley roughness height for surfaoe number 1, in. 

hg = peak to valley roughness height for surf roe number 2, in. 

(ra = seating stress, psi 

v - yield strength of softer material, psi 

N = stress exponent. 


It was believed that the exponent N could be determined empirically from 
the upcoming test results. For preliminary design purposes, however, the work 
of Reference 1 has been used by Marquardt to approximate a value for N of 1. 373. 
This value was determined using metal to metal surface properties characteristic 
of the Reference 1 work. 


It was decided that this leak path height relationship could be extended to 
include plastic surfaces since analytical techniques regarding plastic are 
presently not available. For consistency, and until test data became available, 
the stress exponent value of 1. 375 was assumed to be a "ballpark" indicator for 
both metals and plastics. Combining the stress factor with the leakage equation 
and recalculating the constants resulted in the following leakage model which was 
used for the program preliminary design calculations. 


I 
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3 


Q t = 


q l + q m 


Qn, = 


1.46 x 10 3 D (P 2 -P 2 ) 
8 1 2 

M L T 


1. 55 x 10 8 D S ( P 1 - P 2) 


(hi ♦ h 2 )(l 


(h x ♦ h 2 )(l 


O B 


1.375 




o a 


cry 
1.375 


As previously stated, and H i? are the peak to valley (PTV) surface 
roughness heights. These values, as discussea in Reference 1, are approxi- 
mately equal to three times the surface ,.lsh for a sinusoidal topography. 

r a; 1.375 - 

The above equation was solved the the quantity! (h, t h„) (1 - ~ ^ ^ — ) 

using a leakage rate of 100 ccAr and, in turn, the seating stress, a- , was 
determined for various seating materials with given surface finishes. The 
materials evaluated were tungsten carbide, copper, teflon, and polyimide. The 
results of theso calculations are shown in Table II. 
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NOTE: The calculations for teflon and polyimide were done for two land widths. 



It should be recognized that the Table II results are only approximations 
of the true values particularly for the softer materials. They served, however, 
as a guide for the design and testing of the various valve closure configurations. 

As can be seen f^o^jhe equation, mathematically the leakage rate is re- 
duced to zero when cr ' is equal to a . This is not proposed to be a true 
statement because of the limitations of tKe theory employed and the assumptions 
used. It did serve, however, to indicate limits for the use of the equation until 
test results became available. 

Because of the complexities and the difficulties of me suring the minute 
dimensions associated with even large leakage changes, very little factually 
co-related experimental data on the mechanism of valve failures due to wear have 
been documented. When wear is due mainly to the shearing of junctions, which is 
referred to by Rubinowicz (Reference 4) as adhesive wear an empirical relation- 
ship for the value of wear per unit distance of travel is: 

Z ‘ 3P 

Where K represents the percent of friction junctions producing wear, W is tha 
applied load, and P is the hardness of the wearing surface. Tabulated values for 
K, which is referred to by Rubinowicz as the wear coefficient, show that the wear 
rate between two surfaces is reduced by (1) the use of hard materials, and (2) the 
use of materials with low interaction, i. e. , unlike materials of low solubility. 

The above relationship does not, however, provide any information about the 
change in surface texture with wear. Rubinowicz (Reference 4) has shown that, 
in some cases, wear particle sizes can be predicted on the basis of elastic surface 
energy and j^dness properties. Reference 5 used the empirical wear rate relation- 
ship, Z = in combination with the Rubinowicz theories to arrive at an equation 

for use in estimating surface finish change due to wear as a function of valve cycles, 
impact stress and poppet/seat scrubbing distance. 

This equation has the form: 


y 


N 



k AD 

11,900 


N 


8 or. 


1.4 


17.6 


x 10 
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where: 


y^ = Surface finish after N cycles, in. 

y° * Original surface finish, in. 

k._ = Wear coefficient 
AD 

N = Number of cycles 

s = Lateral Sliding component l an poppet and seat (scrubbing 

distance), in. 

<Tj = Poppet/ seat Impact stress, 

2 

P, * Material hardness (softer surface), kg/mm 
A 

2 

G. = Energy of adhesion, ergs/om 


The equation, as presented in Reference 5, was modified somewhat to more 
closely conform to the sinusoidal surface model as presented in Reference 1. This 
relates surface finish, y , to peak to valley height, h, by v - 1/3 h. 

Values of the wear coefficient for a few materials determ ned from tests are 
presented in Reference 4, along with the following typical relationship for unlubri- 
cated (clean) surfaces. 


MATING SURFACES 

Metal on Metal (like materials) 
Metal on Metal (unlike materials) 
Non -Metal on Metal 


5x 10 
2X Mf 4 
5 x 10* 6 


The energy of adhesion between surfaces, G. , is a function of surface 


energy, v , 


uvi. gj v/i (Auuvoivii uvmwwu omiiuv/vO) v . _ j u x luu- u*. w 

as discussed in Reference 4. The relationships given 


are: 


AB 


O, 


AB 


AB 



identical materials (y =y 

A 

3/4<Y a +Y b > 

interacting materials 

1/2 <y a ♦ Y„> 

Totally dilTc .*ent .naterials. 
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A table ol' surface energy values is presented in Reference 4 for a wide range 
of materials. 

Wear calculations for the materials previously considered in the leakage 
and seating stress analysis shown in Table II were performed to define scrubb- 
ing distance ^s a function of surface finish degradation. A surface finish change 
of o. 5 x 10 was arbitrarily assumed for calculation purposes. The impact 
stress was assumed to be 150 y of the seating stress of Table II. 

The results are presented in Table III for 10° valve cycles. As shown, 
the allowable scrubbing distance for the wear specified is approximately one 
to two ordtrs of magnitude greater for the plastic compared to the metals . It 
is noted that the worlj, presented in Tables II and III was done for the high pressure 
(450 psia) (310 N/cm") propellant valve configuration, -he requirements are 
considerably less severe in ternjp of surface finish and/or seating stress for the 
low pressure (20 psia) (14 N/cm ) configuration. 

A comparison of the high and low pressure configurations using tungsten 
carbide as an example, indicates th^; the surface finish can be changed from 
the high pressure value of 0. 5 x 10 at the same stress level with no change 
in leakage rate; or with no surface finish change that the seating stress can 
be reduced to a value just sufficient to keep the poppet in place. This results 
from an allowable effective leakage path height increase brought about by the 
lower pressure requirements when introduced into the leakage equation. 

Sealing Closure Conception and Design 

’ine valve leakage and wear analysis presented in the preceling section 
was used as the basis for conceiving the various sealing closures to be evaluated 
during the Space Shuttle Auxiliary Propellant Valves Program. Briefly review- 
ing the wear model, it is evident that materials featuring a low wear coefficient 
and a low energy of adhesion, but a high materim Hardness, are desirable. 
Furthermore, to minimize the effects of wear, •. is desirable to minimize any 
sliding or scrubbing during the mating of the sealing interface and to minimize 
the impact stresses which occur during these sliding motions. 

As far as leakage through a closed sealing Interface is concerned (static 
condition), it is evident that the parameter dedning the leakage path height is 
most important, since it occurs to a higher power in the leakage model. The 
leakage path height is directly related to the original surface finish except that 
it may be modified (reduced) due to surface loading; with respect to the latter, 
the sealing closure interface materials of course, play an importa role. Finally, 
the leakage rate is also inversely proportional to the length of the leakage path. 

In summary, it was concluded that the sealing closures for this application 
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NOTE- Impact stress assumed equal to 150% of seating stress of Table 



’■ % 


should feature very fine surface finishes, low static interface loads, low im- 
pact loads during closure, minimum scrubbing distances during the mating of 
the sealing interface, and very hard materials either in combination with each 
other, or in combination with plastics. A total of ten (10) sealing closures 
were designed and submitted to the KASA-LeRC Project Manager for approval. 
The ten (10) sealing closures are identified as follows- 


Drawing Number 

L4677 

L-1678 

L4679 

L4680 

L4681 

L46S2 

L4683 

L4684 

L4685 

L4686 


Flat Polyimide Seat 

Spherical Copper Lip Seat, Bellows Loaded 

Flat Metal Seat, Flexure Aligned Poppet 

Flat Teflon Seat, Bellows Loaaed 

Spherical Teflon Seat, Bellows Loaded 

Flat Metal Seat, Bellows Loaded 

Flat Teflon Coated Lip Seat 

Spherical Teflon Coated Lip Seat 

Flat Polyimide Seat, Bellows Force Loaded 

Spherical Polyimide Seat, Bellows Force Loaded 


The sealing closures were designed so that they are applicable to a wide 
variety of fluid shutoff devices, such as ball, butterfly, poppet, blade, gate, 
etc. Table IV is an applicability matrix which shows what type of fluid shutoff 
devices utilize each of the designed sealing closures. The following paragraphs 
briefly describe these sealing closures which were designed; 

P/N L4677 


This sealing closure, shown in Figure 2, features a flat interface wherein 
a highly polished tungsten carbioe poppet mates with a polyimide seat. The 
polyimide protrudes slightly above the metal of the seat, such that the static load- 
ing is sufficient to compress the polyimide to a point where the poppet contacts 
the polyimide and surrounding metal simultaneously. The metal surrounding the 
polyimide prevents cold flowing of the plastic and also serves as an impact 
force absorber. 


P/N L4678 


This sealing closure, shown in Figure 3, features a spherical interface 
employing a highly polished tungsten carbide poppet and a hard, well -polished 
copper seat. The coooer seat is irHamted on a single convolution bellows to 
achieve the design sealing closure interlace load and to provide alignment between 
the seat and the poppet. The sealing closure design is such that some over-travel 
of the poppet is allowed in order to permit absorption of the major portion of the 
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TABLE IV- SEALING CLOSURE APPLICATION 


Flat Poppet 

Spherical Poppet 

Conical Poppet 

Blade 

Gate 

Butterfly 


L4677 

L4678 

L -679 

L4680 

L4681 

L4682 

L4683 

L4684 

L4685 

L4686 

X 


X 

X 


X 

X 


X 



X 



X 



X 


X 


X 


X 

X 

X 


X 

X 

X 




X 


X 



X 



X 



X 





X 


X 



X 





X 



















kinetic energy inherent in the poppet assembly closure movement by the bumper 
surrounding the poppet. This sealing closure is, of course, not only applicable 
to a poppet type valve, but also to a ball or butterfly type shutoff device. 

P/N L4679 


This design, shown in Figure i, consists of a flat, highly polished 
tungsten carbide poppet mating with a flat, highly polished tungsten carbide seat. 
The seat features a narrow annulus to minimize poppet load requirements. 
Alignment of the poppet to the seat, as well as reduction of impact forces during 
closure, is achieved by incorporation of a flexure into the poppet assembly. 

This flexure allows the poppet assembly mass to over-travel past the poppet 
until the bumper surrounding the poppet strikes the seat outside of the sealing 
surface. 


P/N L--680 


The L4680 design, shown in Figure 5, features a flat sealing closure 
interface which employs a highly polished tungsten carbide poppet and a com- 
bination teflon/polyimide seat. The teflon serves as the primary sealing 
element in the seat, with the polyimide's function reduced to that of a stop and 
thermal compensator. The seat assembly is again bellows -mounted to achieve 
the correct sealing interface loads and to provide alignment between the poppet 
and seat. The major portion ot the kinetic energy of the poppet assembly during 
closure is absorbed by the bumper surrounding the poppet. 

P/N L4681 


This design, shown in Figure 6, is very similar to the L4680 sealing 
closure except that a spherical interface is employed in place of the flat interface. 
The spherical interface design is, of course, equally applicable to a ball or butter- 
fly fluid shutoff device as to a poppet fluid shutoff device. 

P/N L4682 


The sealing closure shown in Figure r t , features a highly polished flat 
tungsten carbide poppet noting with a highly polished flat tungsten carbide seat. 
The seat is bellows -mounted to assure achievement of the design interface 
load and alignment of the poppet to the seat. In addition, this design shows 
employment of two Belleville springs in parallel with the seat bellows springs 
to permit the evaluation of high sealing interface loads. Again, as in the other 
bellows -mounted seat configurations, most of the kinetic energy of the closing 
assembly is absorbed by the bumper surrounding the poppet. 
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P/N L4G83 


This sealing closure, Figure 8, again features a flat interface this 
time employing a highly polished tungsten carbide poppet and a teflon coated 
metal lip seal seat. The spring rate of the metal lip seal is designed such as 
to permit over-travel of the poppet during closure and the resultant absorption 
of most of the kinetic energy of the poppet assembly by the bumper surrounding 
the poppet. The metal lip seal serves primarily as a structural support of the 
film on the seal which, in turn, serves as the actual sealing interface. 

P/N L4684 



The L4684 design, Figure 9, is similar to the L4683 design except that 
it employs a spherical interface in place of a flat interface. This approach is 
suitable for a ball or butterfly -type valve as well as a poppet valve. 

P/N L4685 


This sealing closjre. Figure 10, utilizes a flat, highly polished tungsten 
carbide poppet mating with a polyimide seat. The seat is bellows -mounted io 
achieve the correct design sealing interface load and alignment between the poppet 
and the seat. This seat also features the Belleville springs in parallel with the 
bellows to permit the evaluation of high sealing interface loads. During closure, 
most of the impact force resulting from the kinetic energy of the poppet assembly 
is absorbed by the bumper surrounding the poppet. 

P/N L4686 


This sealing closure design, Figure 11, is similar to the L4685 design, 
except for the use of a spherical interface in place of the flat interface. This 
approach permits the application of this sealing closure to a butterfly or ball type 
valve in addition to its use as a poppet valve. 

Upon completion of these designs, a stress analysis of all of the sealing 
closures w.is completed and the results of this analysis are discussed in the 
following section. 
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Figure 




Figure 3 0 - Flat Polyimide S 
Drawing No. 
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Figure 11 - Spherical Polyimide Seat, Bellows Force Loaded, 
Drawing No. L4686 
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Sealing Closure Stress Analysis 

A structural analysis of the sealing closures was based on the following 
criteria: 

1) The valve poppet was analyzed for the anticipated maximum 
kinetic energy' developed during the r^pid screening tester 
closing motion. This is 2500 lb, in. “/see” 

or 6.5 slugs -inches p7315 N-M). An applied seat load of 1500 lbs 
(6672 N) also was considered. The poppet and seat must be capable 
of withstanding the impact resulting from the abo\ e energy input 
for at least one (1> million cycles. 

} 

2) The spring-supported seats were conservatively assumed to } 

obtain the maximum poppet velocity at the moment of impact. 

This velocity was then used to calculate the kinetic energy of i 

this seat-spring system. The kinetic energy' of the seat was j 

used to calculate the reaction force from the seat support spring. 

The seat and support springs must be capable of withstanding j 

<me (1) million impacts j 

3) The seat ar.o poppet were uisp required to have the ability to 
withstand 450 psi (310 N/cm'i operating pressure applied for 
one (1) million cycles. 

4) The seats were required to be able to withstand axial deflections 
of . 005 to . 008 inch (. 013 to . 020 cm) at the sealing surface for 
one (1) million cycles without failure. 

The details for the stress calculations of the sealing closures are presented 
in Appendix A. A summary of the stress levels and margins of safety designed 
into some of the more important closure components is presented in Table V. 

Detail Design of Sealing Closures j 

Upon receipt of approval from the NASA-LeRC Project Manager for the 
sealing closure concepts, detail design drawings were prepared. During these 
detail design efforts, several minor modifications were incorporated into certain ( 

sealing closures for various reasons, such as improved alignment, improved 
assembly control, and ease of manufacture. The sealing concepts affected by j 

the changes will be discussed briefly. j 

Sphe rical Poppet A lignment 

i 

To improve the concentricity alignment between the sphencai pepne+s and 

• i 
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L = . 55 in (. 0203 cin) t * . 053 in (97. 2) 

(1. 397 cm) (. 1346 cm) 



seats an alignment post was added to the backside of the poppet as shown in 
Figure 12 . This post aligns the center axis of the spherical poppet with a 
locating bore in the tester poppet holder within . 0005 inch (. 0013 cm). The 
locating hole in the poppet hole was machined within . 0002 inch (. 0005 cm) 
concentric to a locating bore at the bottom of the tester which positions the seat. 
Thus, an overall concentric' tv of . oOl inch (. 0025 cm) or better was achieved. 
This type of tolerance can bt realistically achieved by a modern precision 
machine shop within reasonable costs. 

The post shown was made of 300 series stainless steel and joined to the 
tungsten carbide by means of brazing and subsequently finish machined. The 
final operation on this part was the lapping of the sealing surface. 

This modification applies to the poppets for sealing closures L4678, 

Lt381, L4684 and L4686-. Figures 2, 6, a, and 11 respectively. 

- dleville Spring Additions 

nal load capabilities of the seat designs featuring only a bellows but no 
->elle\ j.e spring to aid the bellows were determined to be marginal. This 
applies to sealing closures L4678, L4680 and L4681. Consequently, the areas 
immediately adjacent to the seals and bellows were modified on these sealing 
closures to include a Belleville spring. Figure 13 shows the typical modification 
of the L4680 seal, both before and after. 

Addition to the Belleville springs raised the static sealing load capability 
of these sealing closures to 600 lbs (2669 N), which permitted an experimental 
tradeoff of sealing closure loads to that level during the rapid screening tests. 

Polyimide Seal Retention 

Further review of the "rolled over metal lip" technique previously shown 
for retaining the polyimide seal in sealing closure concepts L4685 and L4686 
had disclosed that this technique was not easily controllable and that it could 
have resulted in subjecting the polyimide to vastly different stress levels from 
one part to another. Consequently, this design was modified to feature a 300 
series stainless steel retaining ring held in place by a total of eight (8) screws. 

The before and after cross sections of the L4685 sealing closure concept 
shown in Figure 14. This modification has the additional advantage of readily 
permitting removal and replacement of the polyimide seal in the event of damage 
or other mishaps. 

At a NASA-LeRC program review meeting held during April of 1971, re- 
direction was given to discontinue the evaluation of the P/N L4678 spherical 


40 






Figure 12 - Sjabertcal Poppet Concentricity Alignment Post 
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copper lip sealing closure and to pursue instead analysis and design of a gold- 
plated flat sealing closure. This effort resulted in the seal configuration shown 
in Figure 15. The sealing closure consists of a flat bottom poppet utilizing 
either type 440C or tungsten carbide lapped to a 1AA finish. The seat consists 
of a lip seal with a thickness of approximately . 020 inch (. 076 cm). This lip 
seal includes a . 020 inch to . 025 inch (. 151 N - . 064 N) sealing land which has 
been slightly. crowned and which is gold-plated. 

Fabrication of the Sealing Closures 

Initial release of sealing closure details for fabrication was made in 
December of 1970. At that time, also critical long lead time components were 
ordered. Final detail designs of the sealing closures included subcomponents 
which required considerably longer lead times than had originally been allowed 
for. Ii particular, the pacing item during the fabrication turned out to be the 
tungsten carbide poppets. Tungsten carbide blanks for these poppets were pro- 
cured from Kennametal and were received late from the vendor on February 15, 
1971. These blanks were subsequently machined and lapped. 

During fabrication, several problems were encountered which required 
minor modifications in some of the designs. For example, the spherical teflon 
lip seal, identified as L4686 (Figure 9 ) had a spring rate that had a much 
greater stiffness than had been planned. The other sealing closures which were 
fabricated utilized bellows and Belleville springs to achieve precise seat load 
control. The bellows for these sealing closures were delivered by Gardner 
Bellows on February 15, 1971. Inspection disclosed that the vendor had decided 
to deliver bellows with 1-1/2 convolutions rather than the one convolution in 
order to meet the spring rate and effective diameter requirements established by 
Marquardt. The bellows as originally ordered mid as delivered are shown in 
Figure 16 and Figure 17. This change in configuration made it necessary to 
trim the bellows lengths in order to fit them into the overall length of the sealing 
closures. In addition, the close spacing of the inside half convolution to the 
bellows end made it necessary to remove the flow contour shields on sealing 
closures L4682, L4685 and L4686 because of the resulting interference. Another 
problem with the delivered bellows was the fact that the bellows ends lacked 
concentricity requirements. Thus, considerable rework ot the sealing closures 
was incurred in order to accommodate the bellows. 

During the fabrication of the tungsten carbide seat, P/N L4682, it was de- 
termined that the tungsten carbide ring which was brazed to a 300 series support, 
had cracked during the bracing operation. Subsequent failure investigation dis- 
closed that the mating interface of the tungsten carbide and the 300 series stainless 
was not compatible with the expansion characteristics of the two materials, as 
they occur during the braze cycle. Consequently, the 300 series support was 
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completely redesigned to feature a shear joint between the two materials and 
also to include a single convolution radial bellows. This configuration is 
shown in Figure 18. Following incorporation of these changes, and overcom- 
ing other minor problems that arose, the sealing closures were fabricated. 
Phonographs of some of the sealing closures are presented in Figures 19 
through 23. Following fabrication, the closures were subjected to the screen- 
ing tests. 


Rapid Screening Tester 

The purpose of this phase of the program was to subject the selected 
sealing closure concepts to a series of rapid screening tests to evaluate their 
life -cycle capability. These tests w re accomplished by means of a rapid 
screening tester. For this contract, the government furnished the rapid 
screening tester P/N IT13602-1, which was previously used under NASA 
Contract NAS 3-12029. After a careful review the tester design was con- 
sidered inadequate to meet the needs of this program and was substantially 
redesigned. The only still -useful component of the tester was the thermal 
conditioning jacket. The following sections describe the rapid screening tester 
design criteria and the detail design which evolved from this criteria. 

Design Criteria 

The primary function of the rapid screening tester was to develop a 
capability t' 4 would allow the evaluation of a large number of sealing closures 
within a short period of time. Evaluation of the sealing closures was ac- 
complished by rapidly cycling the tester at the design load with the proper 
impact, and inlet pressure conditions over the required temperature range. 
Periodically the sealing closures were leak checked during the cycling to 
verify satisfactory leakage characteristics. Based on these evaluation tests, 
the best performing sealing closures were pinpointed and the most suitable 
actuators, linkages, and supporting parts for these sealing closures were 
defined in order to subsequently achieve the most optimum valve design. The 
design of the rapid screening tester was completed, and submitted to the 
NASA-LeRC Pioj.-:et Manager for approval. Following approval, fabrication 
of the rapid screening tester was initiated. 

The operating characteristics of the rapid screening tester were, of 
course, the same as those defined for the Space Shuttle Auxiliary Propellant 
Valves as presented in Table I. To limit the number of sealing closures to 
be evaluated, it was decided to choose one sealing closure size only and to 
scale up or down from this size analytically to the specific valve size require- 
ments of the high pressure anc low pressure valves. The final choice of the 
rapid screening tester sealing closure size was a 2 inch (5 cm) nominal 
diameter. This choice mentioned in section "Sealing Closure Sizing", was 
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somewhat arbitrar but was based on the fact that a 2 inch (5 cm) diameter 
lies between the nominal high pressure valve sealing closure diameter of 
11/2 inches (3. 8 cm) and the nominal low pressure sealing closure diameter 
of approximately 6 inches (15 cm). Since the high pressure valves will be 
operated at an inlet pressure of 400 psi (276 N/cm“), this condition was sub- 
stantially more severe than the low pressure operating condition of 20 psi 
(14 N/cm^) with respect to leakage characteristics, and therefore prompted 
a choice of the rapid screening tester sealing closure nominal diameter 
closer to the 1 1/2 inch (3. 8 cm) high pressure size than the 6 inch (15 cm) 
low pressure size. 

Because of the high response characteristics of these valves, the im- 
pact loads incurring during closure are quite substantial and it was essential 
that these impact loads be properly simulated. A discussion of these impact 
loads also was presented in section "Sealing Closure Sizing". It was then 
necessary to trade off the moving mass of the rapid screening tester with 
the stroke and the actuation force requirements in order to achieve the range 
of impact kinetic energies of interest. During the design, it became evident 
that the moving mass of the rapid screening tester was substantially greater 
than the moving mass of a flightweight valve. To minimize this mass, it 
was decided to incorporate a spring joint between the poppet assembly and 
the actuator yoke and cylinder, such that the mass of the yoke and actuating 
cylinder could be disregarded in the kinetic energy determination. Still, the 
moving mass of the poppet assembly was greater than that of a flightweight 
valve and this prompted the utilization of shorter strokes than would norm- 
ally be experienced in the flightweight valve. Thus, the rapid screening 
tester did not have the capability of simulating kinetic energies during 
closure and resultant impact forces. 

Another design criteria for the rapid screening tester was the desir- 
ability of providing repeatable closure motion while allowing some radial 
play as might be expected in the design of a sliding fit. As is evident from 
the discussions in sections "Analytical Leakage Model" and "Sealing Closure 
Conception and Design", any scrubbing motion which occurs during the 
mating of the halves of the sealing closure will substantially affect the wear 
capability of the sealing closure. In effect, preliminary analysis has shown 
that in order to achieve one million cycles without exceeding the leakage 
requirements of 100 sec's per hour of helium at the operating inlet pressure, 
it would be necessary to design into the valve extremely low scrubbing 
distances of the order of . 001 inches (. 0025 cm). To permit the evaluation 
of this most critical scrubbing distance, it was necessary to provide the 
tester with a feature which allowed the variation in radial play of the moving 
poppet. 
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The final design criteria for the rapid screening tester is listed in 
Table 'T. As was mentioned, upon review of the rapid screening tester, 

P/N IT13602-1, which was furnished by the government for this program, it 
was determined that a major redesign had to be undertaken in order to make 
the performance characteristics compatible with these requirements. The 
final design configuration of the rapid screening tester is discussed in the 
next section. 

Detailed Design 

Redesign of the government furnished rapid screening tester resulted 
in the configuration as shown in Drawing L4688 (Figure 24). Of the com- 
ponents shown in this drawing, only the double -wall pressure vessel remains 
unchanged. As mentioned previously, one of the prime objectives of the 
tester design was to permit rapid installation and removal of sealing closures 
so that a large number of sealing closures could be evaluated within a short 
period of time. The design shown in Figure 24 readily accomplished this 
objective. The actuator, yoke, position transducer, and spring coupling can 
be removed from the poppet assembly by removing a total of 12 bolts. Sub- 
sequently, the lid of the tester, which includes the poppet assembly, flexure 
guidance and sealing closure, can be separated from the double wall chamber 
by removing the 12 lid bolts. Once the lid assembly is removed, both the 
seat and poppet become readily accessible. Two of these lid assemblies 
were fabricated so that one lid assembly could be built up in the clean room 
while the other lid assembly was being cycled in the rapid screening tester 
at the test facility. 

To achieve perfect repeatable axial guidance of the poppet, two sets of 
axial guidance flexures were designed and spaced at a distance of 4 inches 
(10 cm). The Marquardt Company has had extensive experience in the de- 
sign of axial guidance flexurea and has stressed this particular flexure so 
that a service life in excess of 10 million cycles is easily attain* e. The 
inner cylinder and the outer cylinders at the flexure are completed brazed 
assemblies so that no shift in alignment between the poppet and the seat can 
occur. Initial precise alignment of the poppet and seat were achieved by 
finish machining of the poppet back -stop surface, such that it was parallel 
within 0. 0001 ibches. (. 00025 cm) to the back -stop surface of the seat. Con- 
centricities of the poppet to the seat were achieved in a similar manner by 
finishing the locating diameters of each of these parts within a very tight 
tolerance. Upon installation of the poppet and seat into the lid assembly, a 
final parallelism and concentricity check were made on the poppets and seat 
with an electronic indicator by scribing on surfaces provided specifically for 
this purpose. 
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TABLE VI - RAPID SCREENING TESTER DESIGN REQUIREMENTS 


Operating Pressure 

20 - 

400 psi 
276 N/cm 2 ) 


(14 - 

Operating Temperature 

200 - 

850°R 


(111 - 

472°K) 

Stroke Closed Load Capability 

20- - 

1500 lbs 


(89 - 

6672 N) 

Closing Force Capability (dynamic) 

10 - 

200 lbs 


(44 - 

890 N) 

Opening Force Capability (dynamic) 

10 - 

200 lbs 


(44 - 

890 N) 

Stroke 

0 - 

1” Maximum 


(0 - 

2. 54 cm) 

Operating Frequency 

10 cps 
(HZ) 


Linear Guidance Capability 

0 - 

. 010” Radial Play 


(0 - 

. 025 cm) 

Impact Kinetic Energy 

500 - 

2500# in 2 /sec 2 


(. 1463 - 

.7315 N-M) 

Nominal Sealing Closure Diameter 

2 in 

(5. 1 cm) 
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Analysis of the force requirements of Table VI disclosed that the pres- 
sure forces acting on a 2 inch (5. 08 cm) diameter surface at 400 psia (275. 8 
N/cm 2 ) inlet pressure were much greater than the actuation force require- 
ments. Consequently, to permit better control over the valve opening and 
closing times and, more importantly, over the kinetic energies during 
closure, it was considered absolutely esential to pressure balance the poppet. 
This pressure balance feature was accomplished by making the outer dia- 
meter of the moving center shaft of the poppet assembly where it came 
through the lid equal to the poppet effective sealing diameter. Since the 
pressures outside the rapid screening tester and down stream of the sealing 
closure were essentially equal at all times, this design approach effectively 
eliminated the pressure unbalancing forces. Any pressure unbalance which 
remained due to machining tolerances was determined precisely by matching 
the force output of the hydraulic actuator with the pressure force generated 
when the rapid screening tester was pressurized to the 400 psi (275. 8 N/cm 2 ) 
operating condition. 

The rapid screening tester is of an all stainless steel construction with 
omniseals used both as static seals where necessary, and as the dynamic 
seal where the poppet assembly shaft penetrates the lid. 

£ hydraulic actuator operating with pressures up to 3000 psi (2068 
N/cm ) was chosen to operate the sealing closure since the precise control 
of static as well as dynamic forces could be more easily accomplished with 
a hydraulic actuator than with a pneumatic actuator. Since the operating 
temperature of a hydraulic actuator is however, more limited than the 
200-850° R (111-422° K) temperature range of the rapid screening tester, 
this actuator was thermally isolated from the tester by means of a support 
structure and actuating yoke. During checkout testing of the tester, temper- 
atures at both the hydraulic actuator and the position transducer were mon- 
itored and additional cooling or heating could be provided to the actuator 
support structure as required. The static and dynamic force outputs of the 
hydraulic actuator were varied independently by providing check valves and 
variable area needle valves in parallel in each of the hydraulic supply lines 
to the actuator. Thus by setting the hydraulic supply pressure to a specific 
value, a specific load could be generated; and by adjusting the needle valve, 
a lower dynamic load could be produced. 

The interface between the hydraulic actuator yoke and the poppet as- 
sembly was a spring coupling which included both a coil sprang and Belleville 
washer. The range limit of the coil spring was approximately 200 lb (890 N), 
that of the Belleville washer - 1500 lb (6672 N). The Belleville washer was 
to be employed only if the closing dynamic force was in excess of 200 lb 
(890 N). The spring joint served two purposes. One was that it eliminated 





alignment problems between the actuator assembly and the poppet assembly. 
The other was that it decoupled the actuator and yoke mass from the poppet 
assembly mass when the poppet reached the closed position, thereby per- 
mitting more precise control of the closing kinetic energy and the resultant 
impact force. 

Temperature conditioning of the rapid screening tester was accomplish- 
ed by flowing cold gaseous nitrogen or heated air through t! 3 double -walled 
jacket. A leakage test fixture was also added to the rapid screening tester. 
The purpose of the leakage test fixture was to minimize the volume immed- 
iately downstream of the sealing closure interface and to minimize the effects 
of thermal transients on that volume and thereby on the true leakage rate. 

The test fixture consisted of a teflon plug which was positioned into the seat 
orifice and spring loaded against it with a coil spring which in turn was pre- 
loaded manually and locked in place by the twist of the wrist. A 1/8 inch 
(. 3175 cm) diameter tube connected the volume upstream of the leak test 
fixture to a graduated cylinder which was used to measure the leakage rate. 
The tester also was equipped with other instrumentation such as sealing 
closure temperatures, jacket temperatures , actuator pressure r’rop, vari- 
able reluctance position transducer readout, etc. 


The rapid screening tester was stress analyzed to assure satisfactory 
operation. Criteria employed in this stress analysis was as follows: 


1) The flexures had to be capable of guiding the piston and 
poppet for one inch (2. 54 cm) total travel, with the null 
point at 1/2 inch (1. 27 cm) stroke, for at least 1 million 
cycles. (In practice, the strokes will be substantially 
shorter and the flexure life much greater than the 1 
million cycles. ) 

2) The tester flexures were to be designed for an axial stiffness 
of 19. 8 lb/in/plate (3. 54 Kg/cm) and a radial stiffness of 
2670 lb/in/plate (477 Kg/cm). 

3) The tester jacket pressure requirement was 435 psi (300 N/cm^) 
nominal and 670 psi (462 N/cm 2 ) proof. The jacket was to 

be capable of withstanding these pressures for a least 1 
million cycles. 


The detail stress analysis of various components of the tester is 
presented in Appendix B. A brief summary of the safety margins and 
operating stresses of various components of the rapid screening tester is 
shown in Table VII. 
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Fabrication of the Rapid Screening Tester 

Fabrication of tester details was initiated in December 1970 and com- 
pleted in February 1971 except for the final assembly of the tester. Also 
n December 1970 procurement of all purchased parts and subcontracted 
parts was initiated. Except for the cooling jacket which was available from 
NASA Contract NAS3-12029 all parts shown in Figure 24 had to be fabricated 
or procured. Essentially one complete tester assembly was fabricated 
except that two of the flexure assemblies (P/N X 27662), two hydraulic 
actuators and L*om 2 to 6 seals for each application depending upon critical- 
ity of the seals were procurred or fabricated. The two flexure assemblies 
were required to permit build up of mm assembly with a sealing closure in 
the clean room while the second assembly was being tested in the tester at 
the test site. Thus, two fixture assemblies permitted rapid and efficient 
testing. 

Two hydraulic cylinders were procured to gain better actuation and 
static sealing load control. The smaller cylinder was employed for loads 
up to 450 lbs. (2002 N) and the larger could generate loads as high as 
3000 lbs. (13345N). The most critical seal from die point of view of wear 
was the 2 inch (5. 0° cm) diameter sliding seal utilized in the top lid of the 
tester where the poppet shaft connects to file actuator assembly. A com- 
ma iy used performance factor for fins type of seal is the product of 
operating pressure and average sliding velocity. This "PV” factor is over 
100, 000, a value which indicates severe wear and very short life for a 
seal operating at that level continuously. However, since the application 
here is intermittent rather than continuous, satisfactory performance of 
the custom seal selected was expected. Several spare seals were procured 
in the event rapid wear out was experienced. 

Manufacture of the tester details did not involve any appreciable 
problems. Manufacturing costs experienced were somewhat higher than 
originally projected. This was in part due to the use of Inco 718 for several 
subcomponents. This material costs appreciably more ($6. 25/lb. )($13. 78/kg) 
than more common stainless steels but offers excellent spring characteris- 
tics for such components as flexures and bumpers. Inco 718 also is not 
very widely known »s 'vas determined by the ‘‘ct that the first subcontractor 
to be awarded the ta* ' chem milling the flexure gave up after two tries. 

The second snbcoi.*. ‘actor, although he had had prior experience with chem 
milling this material also had to prepare new etching solutions twice before 
finally completing the order. Thus the fabrication of the flexures delayed 
the completion of the tester by approximately one month. Another factor 
delaying assembly of the tester was the late delivery (by as much as 6 weeks) 
of Omni seals from Aeroquip Corporation. 


62 


Sealing Closure Tests 


Prior to conducting die sealing closure tests, a test plan was prepared 
and submitted to die NASA LeRC Project Manager for approval. The test site 
was then built up and the rapid screening tests were conducted. 

Test Plan 


The test plan for the evaluation of the sealing closures in the rapid 
screening tester was completed and approved by the NASA LeRC Project 
Manager. This Test Plan is included as Appendix C of this report. This 
test plan defined all procedures, test sequences, test environment require- 
ments, instrumentation requirements, data requirements and data handling 
procedures. The test plan also specified critical characteristics which were 
to be monitored to aid in the determination of the exact operating status of 
the screening tester throughout the program and established a procedure for 
dispositioning of discrepant performance or failure of any test item. 

Initial testing as defined by the test plan consisted of a complete check- 
out of file rapid screening test fixture to assure Ifaat load/stroke capabilities 
were within the requirements established during the analysis and conceptual 
design phase. These tests consisted primarily of a calibration of the force/ 
stroke characteristics and response characteristics. Proof pressure tests 
were also to be performed to verify structural integrity and .eak tight per- 
formance of the tester. 

Once file rapid screening tester had been checked out, each of the seal- 
ing closures was installed in succession and subjected to an evaluation pro- 
gram as defined in file test plan. A summary test matrix of the sealing 
closure testing is presented as Figure C-3 of Appendix C. The evaluation 
program consisted essentially of cycling file sealing closure at 400 psia (276 
N/cm 2 ) inlet pressure and at hot (850°R]f(472 o K), ambient, and cold (200°R) 
(111°K) conditions to verify the ability of the sealing closure to seal satis- 
factorily. Other variables which were explored during the test program 
were static seat loading, impact loads during closure, and poppet alignment 
All of the test data were tabulated and utilized for the completion of the 
program effort. 

Test Site Preparation and Test System Description 

Upon completion of fabrication of the rapid screening tester it was in- 
stalled in the southwest corner of Building 37 at the Marquardt, Van Nuys 
Test Facility. A better understanding of the type of support systems required 
for operation of the rapid screening tester may be gained from Figure 25. 

To permit operation of the tester hydraulic actuator a 3000 psi (2068 N/cm 2 ) 
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hydraulic pump and hydraulic feed system including accumulator, pressure 
regulator, pressure transducers, throttling and check valves and servo 
valve were installed. A frequency generator and pulser driver for the 
servo valve also were provided. 

The gaseous nitrogen supply from the central supply system to the 
tester was installed. This system utilizes a 2 in. (5. 08 cm) diameter 2000 
psi (1379 N/cm 2 ) line to within a short distance of the rapid screening tester 
and is regulated down to the required 20 to 450 psi (13. 8 to 310 N/cm^) run 
pressure at that location. A surge tank down stream of the pressure reg- 
ulator was used to minimize gas pressure variations during the high 
response actuations of the tester. This system was sized such that the 
nominal gas flow rates required during later testing for valve pressure 
drop verifications could be readily supplied. 

The Helium supply system also was located adjacent to the tester. 

This system utilizes portable Helium K bottles and was tied into the gaseous 
nitrogen supply system to permit leak checks with helium. 

Cold conditioning of the rapid screening tester was accomplished by 
means of a GN 2 and LN» heat exchanger and mixing system. This system 
was available from another test program and was plumbed to the jacket of 
the rapid screening tester. Hot conditioning was provided by an electric 
heater which heated a gaseous nitrogen supply for conditioning the tester 
jacket, to the 850°R (4'i2°K) run temperature. An overall view of the sealing 
closure evaluation test set-up is shown in Figure 26. The rapid screening 
tester is located just to the right of the center of this photograph with the 
hydraulic feed system including an accumulatoj ervovalve, throttling 
valves, check valves, and differential pressure nsducer located towards 
the upper left of the picture. In the lower left hsud corner is a cold condi- 
tioning system which employed liquid nitrogen in a heat exchanger to cool 
gaseous nitrogen to the desired conditioning temperature. In the upper right 
hand corner of the picture is an electric heater used to heat gaseous nitrogen 
for conditioning of the rapid screening tester to the maximum 390°F (199°C) 
temperature. 

Figure 27 shows the rapid screening tester actuation mechanism in 
greater detail. Evident in this picture are the hydraulic actuator at the top 
and proceeding down along the axis of the tester, the stroke adjustment nut, 
a yoke within which the LVDT position transducer is located, and the spring 
joint which isolates the mass of the yoke »,nd the hydraulic actuator from the 
moving mass of the poppet assembly during impact of the poppet on the seat. 
Also shown in the right fore" und, is the tester inlet filter which is removed 
with ihe tester to the Clean Room for removal and installation of the new 










sealing closures. High frequency response instrumentation was used and 
included a variable reluctance position transducer for the tester and a 
hydraulic differential pressure transducer for the tester actuator. These 
outputs were recorded on a dual beam oscilloscope. Sealing closure and 
tester jacket temperatures were monitored with thermocouples and were 
recorded on a strip chart recorder. Other instrumentation which was instal- 
led included various pressure gages which monitored such parameters as 
tester inlet pressure, hydraulic supply pressure, helium and GN 2 supply 
pressures, tester downstream pressure, tester jacket pressure and others. 
Figures 28 and 29 show some of the recording instrumentation. 

Check-out Testing 

Check-out testing of the rapid screening tester consisted essentially of 
three types of tests. These were checkout of the cold conditioning system, 
checkout of the hot conditioning system, and checkout of the tester actuation 
mechanism to verify its ability to generate poppet closing velocities of 16 
inches per second (.4064 m/s) at a cycling frequency of 10 cps (HZ) and to 
control static and dynamic sealing closure interface forces. 

During the temperature conditioning tests, it became evident that a 
substantial temperature differential (80°R) (44°K) existed between the tester 
conditioning jacket and the tester flexure assembly. This substantial temp- 
erature differential resulted from a 0. 1 inch (. 254 cm) air space between 
these two tester parts except at the top mounting flange where actual metal- 
to-metal was achieved. The substantial temperature differential coupled 
with the heat losses from the tester flexure unit and the tester actuation 
mechanism made it difficult to rapidly achieve the desired sealing closure 
temperatures. Consequently, to improve this condition, a copper liner 
consisting of two copper sheets with copper wool stuck between the two 
sheets was fabricated and inserted in the air space. This liner then pro- 
vided a direct conduction path between the thermal conditioning jacket and 
the tester flexure units and appreciably improved the heat transfer charac- 
teristics. 

Cold conditioning of the rapid screening tester to -260°F (-162°C) was 
eventually achieved in a period of approximately 1/2 to 1 hour by simply 
introducing liquid nitrogen directly to the conditioning jacket. This approach 
eliminated the liquid nitrogen to gaseous nitrogen heat exchanger equipment. 
Adequate control of the sealing closure temperature was achieved by simply 
throttling the liquid nitrogen to the tester jacket. 

Hot conditioning of the rapid screen tester to 390°F (199°C) turned into 
quite a problem since the 9 kilowatt electrical gaseous nitrogen heater did 
not provide sufficient energy output to make up for all the heat losses of the 
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heat exchanger to tester transfer lines and the tester itself at a sealing 
closure temperature of +390°F (199°C). Several modifications were made to 
the hot conditioning system and these included the addition of insulation to 
the transfer lines , the addition of an external copper coil to the tester at the 
top of the tester, the addition of a hot gas bleed line into the outlet of the 
tester and finally the addition of a steam heat exchanger to pre-heat the 
gaseous nitrogen to approximately 200-300°F (93-149°C) before it entered 
the electric heater. During these attempts to increase the sealing closure 
operating temperature, several electric heater malfunctions also occurred, 
which resulted in a delay of the check-out testing of approximately 3 weeks. 
The final hot temperature conditioning system permitted attainment of the 
+390°F (199°C) high temperature in approximately 1 to 2 hours, and operated 
very satisfactorily during the evaluation of the sealing closures. 

Check-out cycling tests of the rapid screening tester were performed 
by installing the P/N L4683 (Figure 8) sealing closure and by operating the 
tester at various hydraulic systempressures and throttle valve settings. 

This same valve sealing closure was also used for checkout of the leak test 
fixture. Initial cycling tests resulted in maximum achievalbe closing ver- 
ities of 8 inches (20. 3 cm) per second. It was determined that the closing 
velocities were limited by the size of the hydraulic servo and consequently, 
a larger unit consisting of a servovalve and slave was installed to achieve 
the required 16 inches (40.6 cm) per second. Several thousand cycles, many 
of them at 10 cps (HZ), were accumulated during the checkout testing of the 
rapid screening tester. It was determined that the closing velocities were 
essentially independent of the stroke because the system was set up to limit 
the hydraulic flow to the actuator. Consequently, to minimize GN 2 consump- 
tion, it was decided to operate at relatively small tester strokes and all sub- 
sequent sealing closure testing was performed with strokes of approximately 
0. 020 to 0. 040 inches (. 0508-. 1016 cm). 

Sealing Closure Screening Test Results 

During the screening test program, seven different sealing closure 
designs were evaluated in the rapid screening tester. In some cases, two 
units of the same design were tested. The evaluation program consisted 
essentially of cycling the sealing closures at 400 psia (276 N/cm^) inlet 
pressure and at hot (850°F) (472°K), ambient, and cold (200°R) (111°K) con- 
ditions to verify the ability of the sealing closure to seal satisfactorily. 
Leakage tests at each condition included variations in helium pressure (20, 
225, and 450 psia) (13. 8, 155, 310 N/cm 2 ) and in static sealing closure inter- 
face loads. The goal was to accumulate 100,000 cycles with each sealing 
closure without exceeding the leakage requirements of 100 sec's per hour of 
helium at 450 psia (310 N/cm 2 ) inlet pressure. 
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Table VIII is a data summary of the pertinent results obtained with each 
closure design and the following paragraphs discuss some of the details. 

Gold Plated Lip Seat - P/N L4312-1. 

Testing of the gold plated lip seat (L1312) resulted in excellent results 
at hot, ambient , and cold temperature up to a total of 92,000 cycles. At that 
point, the lip .seal broke along a groove which was caused during initial 
machining. Further investigation of the seal disclosed that the groove 
caused a stress concentration which in combination with the rather brittle 
characteristics of the material (Pyromet X-15) at cryogenic temperature 
resulted in the failure. The seal was subsequently redesigned slightly to 
reduce stress levels and to specify a better surface finish and Inconel 625 
was substituted for the Pyromet X-15. 

Fabrication of the new gold plated Inconel 625 lip seal (L4312-1) was 
completed and the seat was successfully tested under hot. ambient and cold 
temperature conditions through 200,000 cycles. 

Flat Teflon Seat - P/N L4680 

This sealing closure operated satisfactorily up to 5COO cycles at which 
time the sealing closure had to be removed from the assembly to permit a 
thermocouple repair. Subsequent reinstallation of the sealing closure re- 
vealed an initial leakage of 3000 sec’s per hour, however, after conditioning 
the sealing closure to 390°F (199°C), the leakage was again zero. Sub- 
sequently, 3000 cycles were performed at hot conditions with leakage re- 
maining well within specifications. These tests were followed by 12,000 
cycles at ambient temperature for a total accumulated number of cycles of 
19,000 with leakage measurements at sealing closure interface loads of 450 
lbs (310 N/cm^) and higher, well within specifications. The rapid screening 
tester was subsequently cooled to -260°F (-162°C) and leakage was again 
measured. Under these conditions, leakage in excess of 100 sec’s per hour 
was encountered at sealing closure interface loads as high as 1600 lbs (1103 
N/cm^). An attempt to cycle the sealing closure for an additional 1000 
cycles did not improve this condition. Consequently, further testing of this 
sealing closure was terminated. 

Examination of the sealing closure disclosed no particular discrepancies. 
Based on these and other sealing closure tests, it is believed that the polyimide 
bumper which was used in parallel with the teflon seal in this design, did not 
deflect sufficiently to permit good contact between the teflon and poppet at 
the low temperature condition. It was recommended that a thinner polyimide 
bumper, and therefore one that would deflect more under the same load, be 
designed, fabricated, and evaluated during future testing. However, because 
of the promising results obtained with the other materials , no further work 
was done with teflon. 
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Spherical Teflon Seat - P/N L4681 


The spherical teflon seat is identical in construction to the flat teflon 
seat, except that the poppet to seat interface is spherical rather than flat. 

A teflon land width of 0. 045 inches (. 1143cm) is employed in both designs. 
This sealing closure performed very satisfactorily at ambient, hot, and 
cold temperature, up to 37, 000 cycles. At that point the test technician 
terminated the cycling tests due to the occurrence of unusual noise in the 
rapid screening tester. A leak check at that point indicated gross leakage 
and subsequent disassembly of the sealing closure disclosed that one of the 
clamps holding the spherical poppet to the poppet shaft hau come off and 
another clamp had vibrated loose during the cycling tests and that the first 
of these clamps was lodged between the seat and the poppet. Examination 
of the seat also disclosed that the teflon was completely missing and it is 
believed that the teflon retaining clamp of the seat was inadequate, such that 
the teflon seal ring contracted during the cold test and pulled out of the re- 
taining clamp. With the teflon missing, the spherical poppet made direct 
contact with the polyimide and was able to achieve an effective seal. How- 
ever, since it was the purpose of this sealing closure to evaluate teflon, 
rather than the polyimide, the design in its present state was considered 
inadequate, and further testing of this sealing closure was discontinued. A 
sealing closure employing only polyimide was tested very successfully and 
is discussed in later paragraphs. 

Flat Tungsten Carbide Seat - P/N L4682 

The tungsten carbide seat leaked somewhat in excess of specification 
after initial installation and was, therefore, not cycled. Post test inspection 
disclosed the seat land to be out of flat by 3 light bands, apparently due to 
stresses induced by the Belleville springs which are used to set the sealing 
closure interface force. 

This tungsten carbide seat was relapped and reuistalled in the test 
set-up. Initially the seat demonstrated excessive leakage, however during 
subsequent investigation, it was determined that the lugs which hold the 
poppet in position, could be tightened in such a manner as to cause distor- 
tion of the poppet face. This was corrected and subsequently the seat was 
successfully tested under hot, ambient and cold temperature conditions 
through 100,000 cycles. 

Flat Teflon Lip Seat - P/N L4683 

During the cold cycling tests with this design, the sealing closure 
leakage characteristics somewhat exceeded specification requirements 
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with the maximum leakage reaching 230 sec's per hour after approximately 
40,000 cycles. Leakage measurements at both ambient and +390°F (199°C) 
were at all times within specification requirements. Testing of this parti- 
cular sealing closure was terminated after 62,000 cycles when leakage at 
hot conditions became excessive. Detailed examination of the sealing closure 
disclosed that during the final machining operation, the metallic bumper 
located immediately downstream of the teflon seal was machined down suf- 
ficiently such. that the teflon coating tnickness tapered to zero in one area of 
the seal. In this particular area, the extremely thin teflon coating had sepa- 
rated from the metal and 'tie teflon was no longer effective as a seal. The 
fact that the teflon coating thickness tapered down to zero was an out-of- 
print condition, and it was for this reason that it was decided to manufacture 
another seat and to resubmit this sealing closure to further testing. The 
seat was recoated, however, the seat was very marginal because of repeated 
recoating in an effort to improve the quality of theTFE coating. Testing of 
this seat resulted in fracture of the metal lip which supports the teflon during 
the initial cycling in the rapid screening tester. Fabrication of a new teflon 
lip seal was initiated immediately. 

Fabrication of the new teflon lip seal was completed and tests were 
initiated. Initial seat leakage was acceptable, however, after 1,000 cycles, 
leakage was excessive. Te&rdown inspection revealed that the teflon at the 
outer edge of the seal had separated in several arear join the base metal, 
apparently due to poor adhesion, folded inward over the sealing surface, 
causing a double thickness with resultant leakage. Additional effort with 
teflon coated lip seals was then discontinued. 

Flat Polyixnide Seat - P/N L 4685 

Tests conducted with this particular seat assembly were vex’y success- 
ful and leakage was zero at all temperatures up to 100,000 cycles with the 
exception of one leakage reading which was made at -260°F (-162°C) and 
after 20,000 cycles, and which showed a leakage at the specification Hmit of 
100 sec's per hour. As with all other sealing closures, cycling Wi . icrm- 
plished at a rate of 10 cps (HZ) and with a stroke of approximately - *25 

inches (. 0635cm). 

Spherical Polyimlde Seat - P/N L4686 

Test data obtained with this seat assembly was highly successful. 

Except for an initial leakage reading of 5 sec's per hour, all of the leakage 
tests disclosed zero leakage. Cycling again included both ambient, hot, and 
cold testing. A total of 100, 000 cy- js were accumulated. 
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From these results, summarized in Table VIII, it is evident that four 
of tile sealing closures performed satisfactorily, whereas three were con- 
sidered unsatisfactory o n ue basis of the specific specimens evaluated. T t 
is also evident from this table that a wide variety of sealing closure materials 
were investigated. These ranged from such plastics as teflon and polyimide 
to metals and ceramics such as tungsten ( • rfcide. Since the discussion of 
t\ - analytical leakage model data correlation requires a knowledge of certain 
sealing closure design parameters. Table IX is also presented. Table IX 
lists pertinent design data for each of the seven sealirg closures tested by 
The Marquardt Company. As evident from this table, some of the sealing 
closures were evaluated at different impact load and static load levels where- 
as others were evaluated at only one impact load and one static load level. 
This aspect depended primarily upon the specific sealing closure in as much 
as these loads could be readily varied on some of the sealing closures due 
to inhere®' .•* varying provisions but would have required design modifica- 
tion on the . sealing closures. 

The section entitled "Analytical Leakage Model" of this report present- 
ed a discussion of The Marquardt Company derived analytical relationships 
whic*- expressed the helium gas leakage flow through sealing closure inter- 
faces. Ad defined, the analytical leakage model consisted of two relation- 
ships. Ctee examines the leakage through a static sealing closure interface, 
and the other attempts to predict the surface finish degradation ox ti a ting 

sealing surfaces as a result of the wear incurred during the cycling of the 
sealing closure. Attempts have been made to correlate the experimental 
data with both parts of the analytical leakage model and the results of these 
correlations are described in the following sections. 

Static Analytical Leakage Model Correlation 

The section "Analytical Leakage Model" showed that volumetric leak- 
age flow rate through a poppet seat interface is equal to the sum of the 
laminar fiov; and the molecular flow as follows: 

= Q L * **81 

1.46 » 103 D„(Pi 2 - P 2 2 ) jjS ^ 1.5 5 ill) 9 D, (Pj - ) „2 

' „IT L 

Where H (b, * (l ' ) 
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L = Land Width (In) h 

P - Pressure (PSIA) H 

D = Seat Diameter (In.) ^ 

s 

<r g = ^eating Stress <PSI ) 

T Has Temperature ^ 


Peak to Valley Height (In. ) 

Effective Leak Path Height (In.) 
Viscosity Ut> - Min. /In. 2 

Yield Strength of Softer Material (PSI) 
Coefficient 


It is evident from these analytical relationships that the factor having 
the greatest influence on the volumetric leakage flow rate is the effective 
leak path height, since it occurs both as a cubed and squared function in the 
analytical leakage model. An understanding of this fact resulted in the design 
of sealing closures featuring very fine surface finishes as listed in Table 
Closer examination of the effective leak path height (H) shows that th:^ t . or 
is equal to the sum of the peak to valley heights of each of the mating se - tag 
surfaces modified by a stress relationship. This stress modifier was de- 
rived to be Hie quantity 1 - - . Theoretical determination of the factor 

$ is most complex since it ^ depends upon a number of assumptions of 
the sealing surface configuration such as waviness and lay as well as other 
assumptions which relate whether or not individual surface peaks ?re simply 
compressed without a corresponding rise in the surface valley or whether 
there is indeed a corresponding rise in the surface valleys. Using metal -to- 
metal surtace properties characteristics, tile factor V ts originally pre- 
dicted to oe 1. 375. 


It was the intent of the experimental program to generate data which 
would permit an updating of this factor *1* as well as the determination of 
for a variety of sealing closure materials. To permit the determination of 
the factor & from experimental data, the sealing closure interface load data 
presented in Table IX was converted into seating stress values through the 
use of the curves presented in Figure 30. These stress values as well as 
the seat diameter, gas temperature, land width, gas viscosity, and actual 
measured leakage rate were inserted into the analytical leakage expression 
and this relationship was solved for the effective leak path height H. To 
facilitate the solution of this analytical expression, a series of curves show- 
ing the effective leak path height (H) vs. the leakage rate were prepared as 
shown in Figure 31. Figure 31 is a sample curve applicable to the flat 
tungsten carbide seat (L4682) at an inlet pressure of 450 psia (310 N/cm ). 

S' "ar curves were prepared at inlet pressures of 225 and 20 psia (155 and 
l . .Vcm^) for this as well as all of the six other sealing closure configura 
tions. Figure 31 was then entered at a specific experimentally determined 
leakage rate and the corresponding effective leak path height H was read off. 
This effective leak path height was then used to enter Figure 32 and to deter- 
mine the corresponding strers modifier ( 1 - -) for any one particular 

sealing closure. Once the stress modifier ? was obtained, the coef- 
ficient $ could be d jtermined. 
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One minor problem with the model is the fact that with finite surface 
finishes it can only match experimentally obtained "zero" leakage by letting 
the stress term go to zero, that is ^ ^ / a y - 1. When that occurs, the effect 
of surface finish is eliminated, which of course is contrary to reality. To 
overcome this, an arbitrary, small leakage must be assumed to evaluate the 
H factor. In the evaluation conducted, 1 scc/hr was equated to "zero" leak- 
age, which worked out quite well as indicated by subsequent correlation 
checks. At these low leakage rates the model becomes quite sensitive to the 
stress function exponent; however, this does not hold true when calculations 
are made for conditions resulting in higher leakage values, where the 
** s^/°y term becomes significantly smaller than 1. 

The stress coefficient and leakage parameter H which account for 
surface finish and seat stress effects are subject to significant variations 
for materials whose stress strain characteristics are a distinct function of 
temperature (e.g. , polyimide and teflon). As shown in Table X, once the 
correct material yield strengths (i. e. , the yield stess of polyimide used is 
6200 psi (4275 N/cm 2 ) at ambient and 8000 psi (5516 N/cm 2 ) at -260°F 
(-162°C) is utilized the coefficient ^ can be determined to correlate quite 
well with the yield strength of the softer sealing closure material as shown 
in Figure 33. When using this experimentally determined coefficient , 
reasonable prediction of leakage, certainly in the right order of magnitude, 
and in many cases within plus or minus 50 percent is possible. A typical 
example of the actual leakage data obtained with the tungsten carbide seat 
(P/N L4682) at a seat load of 450 pounds (2002 N) and 450 psia (310 N/cm 2 ) 
helium inlet pressure is shown in Ft nre 34. This figure also shows the 
ambient and cold leakage predictions based on the use of the experimentally 
determined exponent $ = 1. 55 from Figure 33. 

Because of the great variety of influences and parameters affecting the 
leakage behavior of different seats, the available test data is statistically in- 
sufficient to fully evaluate and update the static analytical leakage model. 
Within the confines of the Space Shuttle Auxiliary Propellant Valves Program 
which cud not allow for independent variation of such sealing closure charac- 
teristics as land width, surface finish, and seat diameter, it is nevertheless 
significant that a definite correlation between the stress exponent and the 
material yield strength was determined. 

Dynamic Leakage Model 

The analytical model which also was discussed under "Analytical Leak- 
age Model", was prepared by The Marquardt Company to predict sealing 
closure cycle life consists of the determination of the surface finish degrada- 
tion due to wear. This equation has the form: 
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Data from the spherical teflon seat (L4681) was not ana ly ted 
since it wbo not known wnetlier seating was acoomplishea on 
the teflon or the polylmlde 

Seating'of the flat teflon seat (L4683) was probably on the 
polylmlde rather than on the teflon. 




Tungsten Carbide 







Figure 34 - Predicted to Actual Leakage Correlation - Tungsten Carbide Seat 
P/N L4682 , 450 Lbs. (2002 N), 450 PSI (310 N/cm 2 ) Helium 
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y N 

= 

Surface finish after N cycles, in. 

0 

y 

= 

Original surface finish, in. 

k. _ 

AD 

= 

Wear coefficient 


N 

= 

Number of cycles 


s 

= 

Lateral Sliding component between poppet and seat 
(scrubbing distance), in. 

a I 

= 

Poppet/seat impact stress , psi 

P A 

= 

/ 2 

Material hardness (softer surface) , kg/mm 

°AB 

s 

2 

Energy of adhesion, ergs /cm 


The surface finish, y° , in this equation is related to the peak to valley 
height, h, of the static analytical leakage model by the relationship y = 1/3 h. 
The expression for yjj was originally used by Marquardt in determining 
criteria for the sealing closure designs for this program. Thus, this analyti- 
cal model made it apparent that minimum surface finish deg. idation and, 
therefore, high cycle life required sealing closure designs which featured 
minimum impact loads and minimum scrubbing distances. Typical sealing 
closure interface characteristics that were achieved are listed in Table IX. 


The dynamic leakage model also shows that surface finish degradation 
is directly related to the number of cycles. Unfortunately, none of the con- 
figurations and materials tested followed the predicted gradual deterioration 
of the surface finish with cycling. On the contrary, most showed a reverse 
trend, at lease in the 0 - 60,000 cycle range, which, of course, is due to the 
improvem it in surface finish of the softer material with cycling as shown by 
the surface finish measurements at the start and finish of the tests Table IX). 
A typical leakage/cycle history is shown in Figure 35 . Test results indicate 
that a more precise model would have to provide for a wea- pattern giving a 
wear-in period, followed by a stable "eriod, and finally lowed by a wear- 
out period. Controlled tests would be necessary with many intermediate 
surface finish measurements to develop the characteristics associated with 
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a given coniiguration and mater'al combination. It also is evident that in 
many cases testing should be done far beyond the 100,000 cycles covered 
during these experiments, particularly since the original design goal was a 
cycle life of one million. 

A comparison of the scrubbing distances that were predicted as being 
maximum allowables for 100,000 cycles life with the scrubbing distances 
actually experienced on three of the softer materials (gold plating, teflon 
coating, and spherical polyimide) indicates that these materials showed 
significantly less wear than was predicted by the analytical expression. 

Thus, the wear model appears to be definitely conservative for soft seat 
materials. The modeling of wear in typical poppet/seat sealing closures is 
a very complex one. It was not the intent of the Space Shuttle Auxiliary 
Propellant Valves Program to perform an in-depth investigation of this area, 
but rather the purpose of the preparation of a wear model was to point out 
those sealing closure characteristics that enhance cycle life and to thereby 
conservatively size sealing closure interfaces which can exceed the required 
cycle life. This objective was successfully accomplished since four different 
sealing closures were cycled over 100,000 times each without exceeding 
the required leakage specifications. 
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VALVE SUBCOMPONENT ANALYSIS AND CONCEPTUAL DESIGN 


The purpose of this task was to perform a thorough conceptual design 
and analytical trade-off study of various types of shut-off devices, support- 
ing parts, actuators, and linkages to select the best valve concept for ap- 
plication as the propellant control valves for gaseous hydrogen/gaseous 
oxygen rocket engines to be used on the Space Shuttle Auxiliary Propulsion 
System. 

Conceptual Design and Analysis of Actuators, Linkages and Supporting Parts 

In support of this effort, use was made of Marquardt's digital and 
analog computer programs for the study of dynamic valve behavior. The 
valve sizing computer program is organized such that each valve design is 
divided into two elements ; the shut-off device component, which is the fluid 
control element and the actuator, which provides necessary force/stroke 
inputs to the moving components of the shut-off device. The interface be- 
tween the shut-off device and the actuator can be characterized by force, 
stroke and time. Shut-off device performance is a function of the fluid 
control properties desired and actuator performance is established by avail- 
able power source criteria. A total of valve performance predictions can be 
made when the shut-off device force-stroke-time input requirements equal 
the force-stroke -time output of the actuator. Both shut-off devices and 
actuators can be characterized by the nature of their motion, namely linear 
or rotary. This characterization is illustrated in Table XI. Having thus 
reduced the valves to basic elements, the analytical procedure was employed 
to establish compatible shut-off device/actuator interfaces for the various 
combinations of the elements. 

In addition to the analytical computer studies, the designs of actuators, 
linkages and supporting parts involved in the valve design layouts .nade under 
Contract NAS 9-10886 were examined. The conceptual designs of Figures 
36, 37 and 38 are representative of the initial design layout effort 

The double acting solenoid operated valve of Figure 36 was initially 
sized for a flow factor (C^) of 0. 45 in 2 (2. 90 cm 2 ) and an inlet pressure of 
400 psia (276 N/cm 2 ). This concept incorporates several unique features. 
The double acting configuration (both Beat and poppet move) wherein the sum 
of the motion of the seat and the poppet results in the appropriate flow area 
across the valve seat allows the use of flexures to provide friction free 
absolute guidance of the moving elements. The type of flexure anticipated 
has been developed and used in Marquardt's valve designs but is limited in 
stroke capability. The double action effecuvely doubles the range of ap- 
fiicability of flexure guides. Dividing the moving mass into two separate 
elements, magnetically linked, also proves to be advantageous considering 
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the force stroke characteristic of the solenoid. A reduction iu solenoid 
force requirement is achieved since each moving mass moves only through 
1/2 of the total stroke (1/2 the acceleration). The reduced stroke of each 
element also favors metal bellows as the method of accomplishing dynamic 
sealing at the balance area and required seat preloads. Though the analysis 
program ultimately indicated that a solenoid actuator for this application was 
not feasible, the configuration provided a basis for developing a relationship 
to predict si u'* -off device moving mass and documented several unique design 
concepts applicable to other configurations. 

Figure 37 defines a rotary motion shut-off (ball) and torque motor 
actuator configuration. Original design criteria was for a flow factor (C^A^) 
of 12 in. 2 (77.42 cm 2 ) and an inlet pressure of 30 psia (20.7 N/cm 2 ). Of 
interest is the cam actuation to retract the seal on opening, thereby reducing 
the required torque to effect opening and minimizing scrubbing of the seal. 
The seal is bellows mounted such that the seal is pressure energized against 
the ball, in the closed position, in addition to the preload resulting ixom 
initial compression of the bellows. "Wetted" ball bearing mounting of the 
rotating element was selected and a spring loaded shaft seal was incorpor - 
ated. Performance analysis ultimately invalidated a torque motor actuator 
for this particular application. The concept documents the basic design of 
a rotary motion shut-off device assumed in the analysis program and sub- 
stantiates envelope and weight estimates. 

The coaxial, pressure operated valve of Figure 38 offers perhaps the 
highest density packaging concept. For the design criteria of 17 in. 2 
(109. 7 cm 2 ) flow factor (C^A^) and 30 psia (20. 7 N/cm 2 ) inlet pressure, the 
configuration incorporates a balanced poppet with metal bellows dynamic 
seal. The actuator section operates off line pressure and also incorporates 
a metal bellows dynamic seal. Pressure control of the actuator is accom- 
plished by a 3-way solenoid operated valve. The pneumatic cylinder actuator 
is a single acting cylinder in that it is pressurized to effect opening, while 
closing forces are exerted by the inherent spring characteristic of the met?.’ 
bellows when the cylinder is vented. 

As the analysis program developed, more specific design layouts were 
made such as those shown by Figures 39 through 45. The line pressure 
pneumatic operated poppet valve of Figure 39 is a characteristic vented-pilot 
operated valve configuration. With the valve in the closed position, as shown, 
the seat is preloaded closed by the coil spring and inlet pressure acts to hold 
the poppet closed. Upon opening command (electrical signal) the solenoid 
causes the pilot valve poppet to move to a position where the bleed tube from 
the inlet manifold to the cavity within the main valve poppet is closed and the 
main poppet cavity is vented through the pilot valve. As cavity pressure 
decays, the differential pressure across the poppet creates opening forces 
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which cause the poppet to move to the full open position. Upon termination 
of the command signal the pilot poppet moves to effect closing cl the vent 
passage and opens the bleed tube to permit the poppet cavity to be pressurized 
by inlet pressure, negating opening pressure forces until the spring moves 
the main poppet to the closed position. This configuration requires line 
pressure to effect operation and also exhibits a fail-safe characteristic in 
that the valve will close in th event of electrical failure or decrease in inlet 
pressure below a predetermined minimum pressure. Sizing of the valve was 
based upon a flow factor (C^a^) °f 0* 62 in. 2 (4. 0 cm 2 ) and an inlet pressure 
of 400 psia (276 N/cm 2 ). 

Figure 40 defines a line pressure pneumatic operated poppet valve 
which embodies all characteristics of the assumed configuration of the 
analysis program. Sized for a flow factor (C^A^.) of 0. 62 in. 2 (4.0 cm 2 ) and 
an inlet pressure (Pj) of 400 psia (276 N/cm 2 ), valve actuation is accomplished 
by a double acting cylinder. The packaging concept is unique in that mini- 
mum height and width of the package is achieved and the seat seal is the only 
potential internal leak path with the valve in the closed position. Th . ee-way 
solenoid operated pilot alves are used to control the pneumatic cylinder 
actuator. With slight modification, the pi alves could be combined into a 
single 5-way valve. Val”e seat preloads <u a exerted by coil springs to assure 
a fail/safe design. 

% rotary motion shut-off. torque motor actuated valve configuration is 
shown in figure 41. Designed for a flow factor (C^A t ) of 0. 94 in. 2 (6. 06 cm 2 ) 
and 60 pt (11.4 N/cm 2 ), the configuration is totally ccnsictent with the 
analysis program and embodies several unique features. Spherical surfaces 
of the rotating ball are minimal by virtue of the large diameter trunions. 
Minimum weight is achieved by the thin shell design and assembly is simpli- 
fied by the design approach. As shown, the bearings ?. i dry, being isolated 
from the flow media by shaft seals, however, the design is such that leakage 
of the shaft seals is tolerable since the total housing is a pressure vessel 
capable of being welded or bolted to contain the media. The valve seal is 
located at the inlet side of the rotating element, at some minor increase in 
dribble volume, but minimizing potential leak pr.chs when the valve is in the 
closed position. The seat is a preloaded soft seal configuration employing 
metal bellows as a spring loading element and a positive dynamic seal to 
allow the seal to "float" to achieve the seat seal. As the valve is opened, a 
cam profile on the ball trunion mechanically retracts the seal to minimize 
scrubbing and reduce torque requirements to effect rapid opening. 

For a Dow factor (C^Aj) of 10 in. 2 (64. 516 ern 2 ) and a valve inlet pres- 
sure of 30 psi (20.7 N/cm2), a rotary motion auxiliary pressure pneumatic 
/Under actuated valve design is shown in Figure 42. Actuator sizing is 
ased upon the availability of a 1500 psia (1034 N/cm 2 ) auxiliary pressure 
source. 
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The rotating element is a truwon mounted thin wall spherical element. 
Shaft seals are eliminated by utilizing the cylinder piston seals to contain 
line pressure. The actuator is a double acting cylinder with actuator force 
output being converted to torque by a rack and pinion drive. Actuator pres- 
sure control is performed by three-way solenoid valves. As in the previous 
ball -valve design, cam action retraction of the seat seal is incorporated to 
minimize seat scrubbing. Metal bellows mounting of the seat seal is em- 
ployed to achieve pressure energizing of the seal a'~d allow "float" to enhance 
sealing capability with minimum preload. 

An auxiliary pressure pneumatic cylinder actuator is employed to oper- 
ate a linear motion shut-off in the valve uesign shown in I .gure 43. The 
poppet is totally balanced in all positions with seat preload exerted by the 
coil spring, which also assures fail/safe operation. Actuator control, by 
die 3-way solenoid valves provides rapid response opening and closing. 

The configuration of Figure 44 utilizes a torque motor actuator to 
drive a linear motion shut-off through a ball -screw linkage. By the unique 
employment of the ball -screw the poppet rotates 90° ( tt/ 2 rad) as it is re- 
tracted. Th'S type of motion imparts a self -cleaning capability or high dirt 
tolerance tu the valve seat seal. The poppet is fully balanced to minimize 
operating force requirements. The ball screw drive mechanism provides 
greater than 90% efficiency power transmission as well as imparting the 
unusual poppet motion. Design criteria for the configurations were deter- 
mined k the analysis program for a flow factor (C^Aj) of 0. 31 in 2 (2. 0 cm 2 ) 
and an inlet pressure of 400 psia (276 N/cm 2 ). 

Hydraulic cylinder actuation of a linear motion shut-off de . .ce is de- 
picted b> the design of Figure 45. For the design criteria of a flow factor 
(C^j) of 3. 3 in. 2 <21. 3 cm 2 ) and an inlet pressure (Pj) of 30 psia (20. 7 
N/cm 2 ), metal bellows were selected for the dynamic seals in the propellant 
wetted voiumes. Hydraulic cylinder pressure control is performed by 3-way 
solenoid operated valves. Valve seat preload is exerted by the coil spring to 
assure fail/safe operation, and moving element guidance is by sliding fits 
located outside the propellant cavities. Hydraulic fluid wetted volumes have 
been isolated from the propellant cavities and located such that appropriate 
thermal control of the hydraulic fluid may be incorporated, i. squired, 
without compromising the design. 

A study of the components of these various valve designs provided in- 
sight to allow meaningful valve trade off studies to arrive at the best d .sign 
for the intended application. 
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Valve Concept Trade-off Studies 

In December 1970, The Marquardt Company completed its efforts in 
support of NASA Contract NAS 9-10866, the purpose of which was an analyt- 
ical trade-off study of various types of injector valve concepts and their per- 
formance characteristics as applicable to gaseous oxygen/gaseous hydrogen 
rocket engines for Space Stations in the 500 to 2500 lbs. (2224 to 11, 12 IN) 
thrust range. That study concluded with recommendations f^r valve designs 
for the 1000 lbs. (4448 N) thrust level operating at 20 anu 400 psia (13. 8 and 
276 N/cm 2 ) inlet pressure. 

The same analysis techniques which were developed under that contract 
were also applied to the specific requirements of the program reported herein. 
The principal differences in the two requirements are the engine thrust level 
(1500 lbs. vs. 1000 lbs.) (6672 N vs. 4448 N) valve response (30 ms vs 100- 
200 ms), maximum operating temperature (850°R vs. 660°R) (472°K vs 367°K) 
and valve life (1 million cycles vs. 100,000 cycles). The analysis employed 
were based on certain assumptions which permitted emphasis on comparing 
many different valves rather than optimizing a specific type of valve, without 
making the number of variables unmanageable. These assumptions are again 
reviewed in Table XII to put the results in proper perspective. 

Low Pressure Cor oepts 

By applying the developed analysis techniques to the valve requirements 
of this program, data for both low oressure and high pressure applications 
were generated. Table XIII presents the low pressure data that was computed. 
In reviewing these data, it is evident that a poppet type valve results in the 
lowest weight valve configuration. Actuation by a high pressure pneumatic 
or hydraulic source results in an attractive valve system. Data from Table 
XIII have been plotted in bar graph form and are presented as Figure 46 for 
the gaseous oxygen application. This figure presents a weight comparison 
tor the most promising shut-off device and actuator combination. A chart 
with the same type of data, but for the low pressure hydrogen application is 
shown in Figure 47. Both of these figures indicate that a poppet valve featur- 
ing a high pressure hydraulic or pneumatic actuator is the most desirable 
approach for this application. 

Early during May 1971, a meeting was held with the NASA LeRC 
Project Manager to review the program scope in 'ight of recent systems 
cortrac'ors conclusions that the high pressure APS approach is favored over 
the low pressure APS approach. At that time, it was decided to terminate 
further effort in support of the low pressure system and instead to put forth 
a more concentrated effort in support of the high pressure system. Conse- 
quently, a final valve concept for the low pressure system was not completed. 
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TABLE XII - TRADE-OFF STUDY ASSUMPTIONS 


Item 

linear Motion Device 

Rotary Motion Device 


Flow Coefficient 

.65 

.90 


Seat Nominal Diameter 

/ c a\ 

/ c d\ 


\ c *f 

V c d-=- 

4 


Seat land Width 

. 01 Inches (. 0254 cm) 

. 03 Inches (. 0762 cm) 


Minimum Seat Preload 

5 lbs /circumferential 
inch (8. 76 N/circum. cm) 

5 lb6 /circumferential 
inch (8.76 N/circum. cm) 


Seat Configuration 

Flat on flat 

Spherical on spherical 


Stroking 

At constant acceler- 
ation 

90° at constant acceler- 
ation 


Coefficient of Friction when 
Lifting Seal 

0 

0.1 


Pressure Forces 

Maximum pressure 
unbalance equal to P 
x 3% of seal area 

Bearing and shaft seal 
drag negligible 


Acceleration Environment 

10 g 

Unaffected 


Material of Moving Mass 

Stainless steel 

Stainless steel 


Maximum Electrical Power 
Defined at 

32 VDC, 70°F (21°C) 

32 VDC, 70°F (21°C) 


Maximum Pull in Voltage 
@ Max. Temp, and Pressure 

18 VDC 

18 VDC 


Linkage Efficiency 

90% 

90% 
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Response Time 5 30 Milliseconds 
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High Pressure Concepts 


The computer data generated for the high pressure concept is presented 
in Table XIV and appropriate weight data are presented in bar graph form in 
Figure 48. This study again concluded that the optimum valve configuration 
is a poppet valve featuring eitner propellant pressure operation or high pres- 
sure gas or hydraulic operation at an electrical power level of 56 watts per 
valve. 


Further review of the power sources of these three types of actuators 
led to the preparation of the Table XV. This table is entitled, "Pressurant 
Supply Pressure Penalties" and shows that while all three types of energy 
sources require a vent -line or return line, only the propellant gas pressuriz- 
ation approach does not require a separate supply system. Both high pres- 
sure gas or high pressure hydraulic actuation would require feed lines, 
pressure regulation, over-pressure protection, filtration, instrumentation, 
and tankage as a miuirrum. In addition, the hydraulic system would require 
a pump drive and the required energy iource for the pump drive. Finally, 
the operating temperature range of conventional hydraulic systems is not 
compatible with the minimum temperature requirements of the APS valves. 
Thus, it is evident that utilization of propellant gas for actuation is far and 
away the least complicated approach with hydraulic pressure actuation being 
the most complicated approach. Since the weight penalty incurred in choos- 
ing a propellant gas actuated poppet valve over a high pressure pneumatic or 
hydraulic actuated poppet valve is only 10 to 15 percent it appeared that the 
simplicity of the propellant gas actuation approach far outweighed this weight 
penalty and consequently this particular approach was selected as the most 
desirable approach for the high pressure system application. 

The selection of propellant gas as the actuation medium still leaves 
several choices open. These include actuators which are pressurized to open 
and pressurized to close, actuators which are pressurized to open only, with 
a spring return, and actuators which are vented to open with a spring return 
to close. Furthermore, the valve subcomponents may include partial or full 
pressure balancing. To permit the selection of an optimum approach from 
among these choices, several analog computer programs were prepared 
which fully simulate the dynamic behavior of the valve and which define 
actuator areas, bleed orifices, and spring requirements. These analog 
programs were employed in conjunction with the data obtained from the seal- 
ing closure testing to permit final selection of the optimum valve concept. 

The basic relationships which define the movement of a pneumatic piston 
actuator are shown in Figure 49. An analog computer flow diagram for the 
actuator in Figure 49, is shown in Figure 50. A list of various valve subcom- 
ponent performance characteristics and some representative values is shown 
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Response Time < 30 Milliseconds 









114 


SERVO VALVE FLOW, W 


W = Wdt 
P = WRT/V 
F = PA 
a * AF/M 

V = /ad» 

X = /Vdt 

V = XA 




ACTUATOR 

'FORCE 

■SEAL DR/iG 

SPRING 
I FORCE 


Figure 50 - Pneumatic Actuator Analog Computer 
Flow Diagram 













in Table XVI. The primary variables werp the seat load, operating gas, 
mass, initia} volume, pilot delay, spring pre-load, piston area, and pilot 
orifice diameter. Well over 100 data runs of botn the opening motior and the 
closing motion wer'' performed. 

In order to select the best combination of components, rating criteria 
were established for the various components. Table XVII is an example of 
the rating criteria for two types of actuators. Figures 51 and 52 show sche- 
matic drawings of a number of actuators that were studied and show their 
relative ratings. From Figure 52, it is evident that the pneumatic piston and 
solenoid received the highest rating. 

Some of the sealing closures that were studied are presented schematic- 
ally in Figures 53 and 54. Of the sealing closures studied, the flat poppet 
received the highest rating followed by the spherical poppet. 

Relative weights for pneumatic operated poppet valves are presented in 
Figure 55 in bar graph form for convenience. These data are taken from 
Table XIV and show that electrical power available to the pilot valves is more 
significant than the pressure source up to a power level of 56 watts. Above 
56 watts, no furhter improvements in value performance characteristics are 
obtained. 

To further optimize the performance characteristics of specific valve 
concepts, the analog computer programs were run on those valve concepts 
which appeared most promising based on the concept trade-off studies and 
which are compatible with the sealing closures being evaluated. The outputs 
from *''ese analog computer programs were recorded by X-Y plotter and 
Figures 56 and 57 are representative of the type of data attained. Figure 56 
shows various parameters of interest during the opening motion of a pneumatic- 
ally operated, double pressurized piston actuator operating a poppet type seal- 
ing closure, as shown schematically in Figure 38. Figure 57 shows the same 
parameters during closing motion. 

The initial waviness in the pilot valve position is due to limitation of 
the analog programming; however, all other trace oscillations are real. 

The traces give an excellent picture of valve motion and the factors affecting 
valve motion am* have revealed several interesting phenomena. Among these 
is the fact that me lightest moving mass does not necersarily result in the 
fastest response but that the valve may be "tuned" for better response by 
actually increasing the moving mass. Similarly the oscillations occurring 
in valve velocity in Figures 56 and 57 may be damped out by proper selection 
of the parameters shown in these figures. 
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TABLE XVI - VALVE SUBCOMPONENT PERFORMANCE CHARACTERISTICS 


« 

Seat Load 

- 

80 lbf 

(356 N) 

t 

Spring Rate 

- 

85 lbf /in 

(150. 9 N'/cm) 


Pressure 

- 

450 lbf/in 2 

(310 N/cm?) 

\ 

Stroke 

- 

0.32 in 

(. 8128 cm) 


Seal Drag 

- 

4 lbf 

►-* 

<X> 

'A 

\ 

Flexure 

- 

±5 lbf 

(22. 2 N 


Bellows 

_ 

± 2 lbf 

(8. 9 N) 


Gas 

- 

°2 


* •? 

H ; 

Temperature 

- 

520*R 

(289°K) 

► t 

jf : - 

Mass 

- 

0.3 lbm 

(. 1361 Kg) 

i 

Initial Volume 

- 

0.1132 in 3 

(l. 8550 cm**) 


Pilot Delay 

- 

5 ms 


t 

j 

Pilot Time Constant 

- 

2 ms 


1 

Spring Pre-load 

- 

28 lbf 

(124. 5 N) 

J 

t 

Piston Area 

- 

0.354 in 2 

(2. 1639 cm 2 ) 


Pilot Orifice Diameter 

- 

0.035 in 

(. n«89 cm) 


Opening Time 

- 

24 ms 




TABLE XVII - SAMPLE SUBCOMPONENT RATING CHART 
CHART II - ACTUATORS 


s 


I 

r 

I 

t 


SUBCOMPONENT 

characteristic 

ELECTRIC 
TORQUE MOTOR 

ELECTRIC 

MOTOR 

POWER REQUIRED 

. . . . 1 .... 

U 

(UNABLE TO MEET 
RESPONSE) 

EXPECTED CYCLE LIFE 

. . . . 8 .. . 

.... 9 

WEIGHT 

. . . . 2 . . . . 

2 

FORCE 

. . . . 4 . . . . 

.... 2 

STROKE 

. . . . 10 ... . 

.... 10 

CONTAMINATION SENSITIVITY 

. . . 9 . . . . 

.... 9 

RELIABILITY 

. . . . 9 . . . . 

9 

PRESSURANT VENTING HAZARD .... 

. . . . 10 ... . 

... 10 

DEGREE OF FABRICATION DIFFICULTY . 

. . . . 9 . . . . 

.... 9 

DEGREE OF INSPECTION DIFFICULTY . 

. . . . 8 .... 

.... 8 

DEGREE OF ASSEMBLY DIFFICULTY . . 

. . . . 9 .... 

.... 9 

CLEANING & HANDLING REQUIREMENTS . 

. . . . 9 .... 

.... 9 

MATERIALS COMPATIBILITY 

"i 

• > • i .... 

.... 2 

ABILITY TO OPERATE R850°R 

. . . . 1 .... 

. . . . 7 

ABILITY TO OPERATE §200°R 

. . . . 1 .... 

. . . . 1 

TOTAL POINTS 

. . . . 98 .... 

. . . . 95U 
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I 

i 

B 

I 
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Figure 51 - Valve Subcomponent Rating Chart D - Summary 

Actuators 
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Figure 53 - Valve Subcomponent Rating Chart I - Summary 

Sealing Closures 














I 

1 ! 

I 

I 

I 



I 

! 

I 

{ 


1 


I 

i 


-j 

] 

i 

1 

I 

i 

l 

I 


122 





LU 

sS 

m 9 
> «-< 


Ok 

55 

-5 </> 

Z. w 

Ss 




ooo ooo ooo ooo 

ooo ooo ooo ooo 

to O ^ to o IO O ^*100 

r~* co ^co H « rH co 


-J 

< 

o K CO 


— 




ooj 

00 

CM 

t£> 

LO 

00 

112 

lu a. $ 










U J 







Figure 55 - Relative Weights of Pneumatic Piston Operated Poppet Valve 























































Figure 58 - Schematic of a Pneumatically Operated Poppet Valve 



A summary chart showing possible pneumatic piston operated poppet 
valve concepts is presented in Figure 59. From this chart it can be con- 
cluded that the fifth concept shown which is the vent to open, spring return, 
pressure unbalanced poppet concept, is considered the most desirable 
concept. This concept was subsequently employed for the test fixtui " identi- 
fied as P/N X28400. The second concept of Figure 59, which is the double 
acting piston, pressure balanced poppet valve, was subsequently developed 
as the second test fixture and is identified as P/N X27449. This concept 
was of interest primarily because of its very fast response characteristics: 
however, it was recognized that the concept was inherently less reliable 
than the P/N X28400 concept. 
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RELATIVE CHARACTERISTICS 
RATING 



Figure 59 - Pneumatic Piston Operated Poppet Valve Concepts 
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VALVE PRELIMINARY DESIGNS 

As a result of the valve tradeoff studies discussed in the previous 
section of this report, three pres sure -actuateu poppet valve concepts were 
further investigated and preliminary design layouts of these concepts were 
prepared. All three of these concepts utilized upstream propellant pressure 
for actuation and the concepts have been identified by how this pressure is 
utilized during operation. Thus, we have a double pressure -actuated valve, 
a pressurized->to- open/spring -to-close valve, and a vent-to-open/spring-to- 
close valve. These valve concept i are described in the next three sections. 

Vent-to-Open Concept 

This concept is shown in Figure 60 . The valve ic shown in the closed 
position and flow occurs from the left to the right. The upstream propellant 
cavity has been shaded coarsely and the downstream propellant cavity has been 
shaded finely. As shown in this figure, the seat consists of a gold-plated lip 
, , seal which mates with a flat poppet. A stop in parallel with the seat permits an 

initial deflection of up to 0. 006 inch (. 01524 cm) of the lip seat as the poppet 
makes the closure and then absorbs most of the impact energy of the closing 
; , poppet. Dy including the stop in parallel with the seat, impact forces ana 

[ therefore wear of the sealing surface of the seat are minimized. The poppet 

is made of Inco 718 and * as been lapped to one-half AA finish. Repeated cycling 
r of the valve causes the poppet to deform the gold plating of the seat so that it 

( also approaches the one-half AA finish. This sealing closure design was pre- 

viously successfully demonstrated during the sealing closure evaluation test 
| ’ with the Rapid Screening Tester. 

The poppet is in the shape of a cylinder with the downstream end of the 

1 cylinder open to the outlet side of the valve. This same downstream end also 

constitutes the sealing surface annulus. The poppet is guided by means of a 
metallic axial guidance flexure located within the poppet cylinder which is fixed 
| to the valve housing through a centrally located shaft which, in turn, is fastened 

I . to a spider arrangement located in the outlet of the valve. The outer diameter 

of the poppet cylinder is sealed to the center flange body by means of a bellows. 

[ By venting the pressure trapped in the volume inclosed by the poppet cylinder, 

! the bellows, and the center flange, a differential pressure force acts upon the 

poppet cylinder to move it in the open direction. This differential pressure force 
is equal to the difference in areas between the effective seating diameter and the 
effective bellows diameter times the pressure differential across the valve. 
Venting of this cavity is accomplished by means of a three-way solenoid valve 
I which is located externally to the main shutoff valve and which is supplied with 

I upstream propellant pressure. To close this valve, the same cavity is simply re- 

pressurized and the pressure force thus generated in combination with the spring 
[ forces of the bellows and the axial guidance flexures returned the poppet to 

< the closed position. 
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This valve concept, as well as the double pressure -actuated valve con- 
cept discussed iu ihs following section entitled. "Double Pressure Actuated 
Concept, " features an LVDT transducer for the monitoring of valve position. 

The transducer armature is located inside the actuation volume and is attached 
to the moving poppet. This concept, as well as the other two valve concepts, 
also features a coaxial design — meaning inlet and outlet are in line — as 
evident from Figures 30, 61, and 62. Right angle configurations of 
essentially the same actuation and sealing concept were also reviewr , but since 
no particular advantage weignl-wise or otherwise could be found, were not 
pursued any further. The particular valve concept shown in Figure 60 was 
subsequently modified to include a polyimide seat and was successfully cycled 
over one million cycles during the Advuiced Technology for Space Shuttle 
Auxiliary Propellant Valves Program. 

Double Pressure Actuated Concept 

As the name implies, the double pressure actuated valve concept features 
a piston actuator which is alternately pressurized and vented on both sides to 
obtain high pneumatic actuation forces. These hi gh pneumatic actuation forces, 
coupled with the pressure balanced poppet, result in an exceptionally fast response 
characteristic. Pressure actuation is accomplished by means of two externally 
located three-way pilot valves which control each side of the pneumatic piston 
actuator. 

As shown in Figure 61 , the valve is in the open position with flow from 
the left to the right. This valve is again shown with the gold-plated lip seal which 
was discussed in the preceding section. Pressure balancing of the poppet is 
accomplished by means of redundant sliding teflon-jacketed seals located at the 
same effective diameter as the effective seating diameter. Thus, there are never 
any pressure forces acting cn the poppet. Sealing closure interface forces are 
generated by means of a coil spring which is located concentrically with the 
poppet and which also aids the closing notion. The poppet is connected to the 
piston actuator through a shaft arrangement and a s mall shaft seal prevents the 
piston open pressure from leaking into the valve downstream cavity- The shaft 
seal as well as the piston actuator seals is also of the teflon-jacketed con- 
iguration. 

The redundant teflon-jacketed seals used for pressure balancing con- 
stituted a new seal design concept w'hich was intended to minimize potential 
low temperature leakage problems encountered with radial teflon-jacketed seals 
of this type. The principle of operation of these redundant seals was to locate 
both the stationary and the sliding interfaces of the seal on the inner diameter. 
Thus, there is a tendency of the seal to shrink down to exert greater forces 
at the sealing surfaces as the temperature is reduced. Since the actuation 
velocity of this particular valve was very high, all teflon-jacketed seals utilized 
bronze impregnated teflon rather than pure teflon. The bronze impregnated 
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teflon was previously demonstrated to feature the best wear characteristics. 

Several static seals were also employed in this valve. All static seals were 
of the face -seal type and utilized pure teflon jackets. 

To monitor the position of the poppet, the valve includes a LVDT trans- 
ducer. The armature of this transducer is located in the closing actuation 
v olume of the piston actuator ant’ is attached directly to the piston actuator. 

This particular valve design also included one other unique design feature. 

This was a poppet self -alignment flexure. A need to include such a flexure was 
determined during a tolerance stack-up when it became apparent that the guidance 
of the poppet cylinder had to allow for 0.006 inch (. 02032 cm) radial clearance to 
assure that the poppet would operate freely over the wide temperature range. 

This clearance also resulted in the potential misalignment between the poppet 
sealing surface and the seat of approximately 0.008 inch (.02032 cm). Since 
the deflection capability of the seat was only 0. 006 inch (.01524 cm), it was con- 
sidered desirable to include a flexural element into the poppet such that the 
poppet surface could self-align with the seat. This flexural element is evident 
in Fig> p \ where it appears as a thin, diaphragm-like section of the poppet 
surk 


Pressurize -to-Open Concept 

i'his particular concept is shown in Figure 62 . As the name implies, 
a single three-way solenoid valve located externally to the main valve provides 
valve upstream propellant supply pressure to one side of a pnev mafic piston 
to open the valve and vents this pressure overboard to permit spring forces to 
return the valve to the closed position. This valve is also shown in the closed 
position and flow occurs from left to right. 

To minimize actuation force ret uirements, the poppet has been pressure 
balanced as in the case of the valve presented in Figure 61. However, in 
this concept the pressure balancing dynamic seal is a bellows assembly rather 
than a sliding seal. The seat shown is again the gold-plated lip seal in com- 
bination with a stop. 

Poppet/actuator piston shaft guidance is accomplished by means of 
metallic axial guidance flexures located near the left and right extreme ends 
of the shaft assembly. Sealing of the actuation cavity is performed by means 
of two dynamic sliding teflon-jacketed seals. In place of the LVDT position 
transducer shown in the other valve concepts, this valve concept employs two 
mechanical micro switches, one for the open position and one for the closed 
position. Materials of construction intended for this concept were similar tc 
those of the other concefs. 

In comparing the pressurize-to-open concept with the other two valve 
concepts under consideration, it was determined that this particular concept 
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was somewhat of an in-between arrangement featuring neither the simplicity 
and high reliability of the concept shown in Figure 60 nor the high response 
characteristics of the concept shown in Figure 61. Since the program scope 
included detail design, fabrication and test evaluation of two valve concepts, 
it was decided not to pursue this particular valve concept past the preliminary 
design stage as presented in Figure 62. 



VALVE SUBCOMPONENT EVALUATION 


Activities performed in support of this section included the completion 
of fabrication of the P/N X27449 and X28400 Test Fixtures and the subsequently 
performed valve cycling program. Valve cycling was accomplished at hot, 
ambient, and cold conditions and included periodic measurements of responses, 
leakage, and pressure drop. Upon completion of the valve cycling program, 
test fixtures were disassembled, closely examined and photographed to evaluate 
the effects of the t^st program on the various valve components. The test data 
was then summarized and presented to the NASA-LeRC Technical Project 
Manager at a Design Review at which time the final f lightweight valve con- 
figuration was selected. 


Test Fixture Fabrication 

P/N X27449 - Test Fixture 

Fabrication of various elements of the P/N X27449 Test Fixture, shown 
in Figure 63 , was primarily accomplished in the Marquardt-Van Nuys 
Model Shop, employing the development fabrication system. Inspection was 
performed and inspection records of critical characteristics were maintained 
in accordance with engineering instructions in the log book of the Te vc Fixture. 
In the case of critical dimensions, actual dimensions measured were recorded 
rather than simply the fact that the particular dimension was within the toler- 
ances specified. Liaison engineering performed all expediting through the 
shop as well as the necessary coordination with outside vendors. Disposition 
of discrepant hardware was the joint responsibility of the Liaison Engineer and 
the Project Engineer. 

A photograph of the completed P/N X27449 Valve is shown in Figure 64 
and an exploded view showing the various valve components is shown in 
Figure 65. Purchased parts included in this assembly were the electrical 
connector, LVDT transducer, normally open and normally closed pilot valves, 
seven static teflon seals and five sliding dynamic teflon seals, the poppet re- 
turn spring, and various nuts and bolts required to make the assembly. In 
addition, such processing as lapping, go 1 d -plating, and electrolyzing was 
subcontracted. Because Oi the criticality of the gold-plating and the lapping 
of the poppet, special care was taken by Marquardt in making certain that the 
vendor fuily understood the function and the criticality of the particular com- 
ponent. This attention to detail paid off in the case of the poppet, since this 
component functioned well throughout the cycle program: however, con- 
siderable difficulties were incurred with the gold-plating as explained later in 
the section describing the testing of this valve assembly. 

Close-up photographs of some of the valve details which were subject 
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to wear during the test cycle program are shown in Figure 66 and Figure 


balancing cylinder which is used to guide the poppet, the redundant seal 

is well cs the piston rod which is 

sliding friction, in general, the fabrication of P/N 27449 Valve Assembly 
proceeded quite smoothly. Examples of some minor problems which were 
encountered during the manufacture are as follows: As shown in Figure 66 
the poppet face features a granular area extending from approximately 30% 
to 80% of the diameter. This granular area is a slight recess of the poppet 
surface and this recess was added by electric discharge machining after it 
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Figure 73 - Load Vs. Deflection - Bellows Assembly P/N X28400 Valve 








acceptance testing. A 25 micron absolute inlet filter was then installed up- 
stream of the Test Fixture and the unit was transferred to Building 37 for per- 
formance of the cycling tests. 


Test Plan 

Upon installation of the P/N X27449 Test Fixture in Building 37, 
acceptance tests were conducted in accordance with Marquardt Test Plan 
No. 0192 which is included as Appendix D. Acceptance tests were also con- 
ducted on the P/N X28400 Test Fixture. Following successful acceptance tests, 
both units were evaluated (performance tested) in accordance with Marquardt 
Test Plan No. 0193 which is included as Appendix E. 

Test System Preparation and Description 

The purpose of the test program was to accumulate 100,000 cycles of 
operation on th^ various valve subcomponents at an operating pressure of 450 
psia (310 N/cm ) and operating temperatures of 200 °R (111°K), ambient, and 
850°R (472°K). Tab 1 XVIII presents the Test Matrix that was planned for each of 
the two Test Fixtureo, namely the P/N X27449 Valve and the P/N X28400 Valve. 

As evident from this table, baseline tests consisting of open and closing responses, 
leakage and pressure drop were performed periodically throughout the cycling 
program. Testing was performed in accordance with Marquardt Test Plan No. 
0193 entitled, ,r Valve Test Fixture Tests. " This Test Plan is included in this 
report as Appendix E. Also included as Appendix. E is a list of the instrumentation 
used in support of this program showing the range, manufacturer, Marquardt 
identification number, and the latest calibration and due dates. 

Testing was also accomplished in the southwest corner of Building 37 at 
the Marquardt-Van Nuys Test Facility. This is the same location that was 
previously used to perform the sealing closure evaluation. The required 
pressurant supplies as well as hot and cold conditioning equipment were already 
available at that site from the sealing closure evaluation tests. A schematic 
of the test fixture test setup is shown in Figure 76 . The test system consisted 
essentially of provisions for mounting the lest fixture ins if 3 ') an environmental 
box and supplying the test fixture through a 25 micron absolute rated filter with 
regulated gaseous nitrogen pressure at the required 2. 57 lbs (1. 166 Kg) per 
second of GN^ flowrate at 450 psia (310 N/cm ) inlet pressure and ambient 
temperature. In addition, a separate regulated pressure supply system capable 
of delivering either gaseous helium or gaseous nitrogen to the pilot valves of 
the test fixture was available. Tnermal conditioning of the test fixture was 
accomplished by bleeding gaseous nitrogen, heated by means of an electric 
heater, into the environmental chamber, or by introducing a mixture of gaseous 
notrogen and liquid nitrogen into the environmental chamber to cool the test 
fixture. To obtain realistic valve opening and valve closing responses, a 
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Hot = +390°F(* 

Operating Pressure 450 PSI Operating Temperature Ambient = +70°F( 2 rc> 

()10 N/cm ) Cold = “260°F (- 162°C) 



Ftgvre 76 - Test Fixture Test Setup Schematic 







presized orifice simulating the overall injector orifice size was installed in 
a pre-selected location downstream of the test fixture so as to simulate an 
injector dribble volume of 16 cubic inches (262 cm**). The system was equip- 
ped w'ith the necessary instrumentation to measure temperature, pressure, 
pressure drop, and GNg flowrate. In addition, the LVDT transducer .corp- 
orated in the test fixture was connected to an oscilloscope in parallel with 
pilot valve current and voltage traces to permit the measurement of the test 
fixture response characteristics. 

A photograph of the test fixture evaluation system as used for the 
ambient testing is shown in Figure 77 . Figures 78 and 79 show the environ- 
mental box used during the hot and cold temperature testing as well as a 
closeup of the test fixture installed inside the environmental box. The test 
fixtures were operated by means of a pulser/driver at voltages from 24 to 28 
volts dc. The nominal operating frequency used during the cycling program 
was 5 cps (H z ), although operating frequencies as high as 10 cps (H z ) were 
demonstrated on occasion. As mentioned previously, both the P/N X27449 
and X28400 Test Fixtures were evaluated in this system and the following two 
sections describe the test results obtained with these test fixtures in chron- 
ological order. 


Test Results 

P/N X27449 - Test Fixture 

Initial baseline tests of the P/N X27449 Valve disclosed that he pressure 
drop through the valve was only 7 psi (4. 8 N/cm 2 ) at the nominal GNg flowrate 
as compared to the originally predicted 15 psi (10. 3 N/cm 2 ) pressure drop. 
From this data it was concluded that the valve discharge coefficieit was con- 
siderably better than had been originally assumed and that indeed a significant 
amount of pressure recovery was obtained. The initial tests also disclosed 
that the valve did not fail safe closed when the supply pressure was reduced 
to zero. Investigation of this matter disclosed that the static friction of the 
dynamic seals in the test fixture was approximately 30 to 40 pounds (133 to 
178 N) whereas the force output of the coil spring was only 24 pounds (107 N). 

A decision has therefore been made to replace the coil spring with a stronger 
spring which will provide approximately 48 pounds (213 N) force in the open 
position. 

The initial leak checks of the various aynamic valve seals also indicated 
the following leakage rates iu sec’s per hour at 450 psia (310 N/cm 2 ) helium 
pressure: 
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Main Seat 240 

Downstream Piston Seal 180 

Upstream Piston Seal 140 

Rod Seal 52 

Redundant Seals 0 


While some of these leakages were slightly in excess of the 100 sec's 
per hour allowable, they were believed to be close enough to permit initiation 
of the cycling program in order to determine whether wear-in and the type of 
leakage improvement previously observed on other sealing closures would also 
occur with these seals. 

Initial response testing of the P/N X27449 Valve demonstrated the very 
fast response characteristics previously predicted with Marquardt's analog 
computer program. Figure 80 shows the oscilloscope traces obtained during 
initial baseline tests with 375 psig (258 N/cm^) GI '9 in the main valve and 
375 psig (258 N/cm“) helium to the pilot valves. As evident from this oscil- 
loscope picture, the valve opening response from electrical ON to valve fully 
open is 12 to 13 milliseconds and the valve closing response from electrical 
OFF to valve fully closed is 11 milliseconds. These response characteristics 
compare very well with the suialog computer printouts shown in Figures 81 
and 82 , particularly when it is taken into account that the actual pilot valve 
opening responses experienced are approximately one millisecond faster than 
had been assumed for the computer program and that the actual average pilot 
valve closing responses experienced are approximately four milliseconds 
faster than had been assumed for the analog computer program. 

In view of the slightly above specification leakage data obtained daring 
initial baseline tests, it was decided to start cycle testing at ambient temper- 
ature. Ten thousand ambient cycles were accumulated and the leakage data 
measured during subsequent baseline test is shown in Figure 93 . As evident 
from Figure 83 , observed leakage rates did not change appreciably in com- 
parison to those originally measured. The test fixture assembly was sub- 
sequently heated to +390°F (+199°C) and leakage measurements were repeated. 
Without cycling the test fixture, the maximum leakage rate observed at elevated 
temperature was 40 sec's per hour. Subsequently, 1000 cycles were accumu- 
lated elevated temperature. Repetition of the leakage measurements at 
elevated temperature after a total accumulated number of cycles of 11, 000 
disclosed that the rod seal and main seat leakage increased dramatically. The 
valve was then allowed to cool to ambient temperature and another leak check 
was made. Again, main seat leakage and rod seal leakage were excessive. 

It was then decided to cycle the valve an additional 1000 cycles at ambient 
temperature to determine if additional cycling had an effect on the main seat 
and rod seal leakage rates. After 12,000 accumulated cycles, both the main 
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Figure 81 - Analog Computer Program Printout, Valve Opening Motion, 
P/N X27449 Valve, Helium Actuation 
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seat and rod seal leakage increased further. The ether valve dynamic seals 
did not change appreciably. Since the main seat and rod seals had obviously 
failed, it was decided to terminate tec ting of the X27449 Valve at that point 
and to disassemble the valve for inspection. 

Disassembly of the P/N X27449 Test Fixture disclosed the rod seal 
condition shown in Figure 84 . This photograph shows that the inner diameter 
of the rod seal has been ettruded forward along the shaft, completely out of 
the rod seal cavity. This is best seen by comparing this photograph with 
Figure 67 . It is evident in Figure 67 that the forward Wi.il of the seal cavity 
leaves considerable space between its inner diameter and the rod inner dia- 
meter. This design configuration was originally recommended by the seal 
vendor to facilitate installation of the rod seal into the groove in the original 
seal holder design which was a single piece of construction. However, since 
Marquardt had gone to a two-piece construction anyway, .is excessive clear- 
ance was no longer required and the seal holder was therefore modified as 
shown in the photograph in Figure 85 . This modification proved to be effect- 
ive during subsequent testing in as much as no further seal extrusion was 
encountered. 

Examination of the main seat disclosed that the gold plating had flaked 
off the base metal in numerous places. A photograph of this condition through 
a 105 pov-er microscope is shown in Figure 86. In this photograph, flaking of 
the left side of the land and a folding over of the flaked gold on the main sealing 
area can be noted. A meeting was subsequently held with the gold-plating vendor 
in an effort to determine the cause of this flaking condition. The vendor was un- 
able to explain this condition except to note that perhaps initial cleaning of the 
base metal was inadequate, consequently adherence of the gold plating was in- 
sufficient. Methods to improve adherence of the gold plating were discussed 
with the vendor and his suggestion of initially flashing the base metal with 
copper was accepted. The seat was subsequently stripped and replated. Prior 
to reinstallation of the replated seat into the P/N X27449 Valve, the sealing 
surface was lapped slightly. This lapping operation disclosed that the gold 
surface appeared to scratch much more easily than previous gold platings and 
also again resulted in soi^ flaking action. A photograph of this gold plating 
in the lapped sealing area is shown in Figure 87. 

The valve seat was then again returned to Vendor A and Marquardt re- 
quested to see the processing records to verify that the last gold-plating indeed 
agreed with the earlier gold-plating. Although the vendor had previously as- 
sured Marquardt that he maintained a record for each plating job, he was un- 
able to produce such a record. Further discussions with the vendor indicated 
that he nad a number of gold-plating solutions, all of which were 24 karat gold, 
in the processing area and that any one of the solutions could have been used 
for either of the plating jobs. Marquardt there upon decided to seek another 
gold-plating vendor. 


164 








To gain a better understating of the various gold-platings available and 
their properties. The Marquardt Company arranged several meetings with the 
Sel-Rex Corporation. In addition, Englehard Minerals and Chemical Corpora- 
tion was contacted to de. ermine what gold -plating solutions they had available. 
Based on data from References 39, 40, and 4i, The Marquardt Company pre- 
pared a list of the most promising 24 karat gold-plating solutions. This list 
is presented in Table XIX . As evident from this Table, although all of the 
^olds listed are 99. 99% pure, the properties of the platings do vary significantly. 

As a result of discussions with gold plating Vendor A, Marquardt decided 
that it was most likely that the vendor had previously used the Sel-Rex process 
identified at BTD-2Q0. Consequently, Marquardt funded a second gold-plating 
vendor to replate the seat with this solution The vendor was also thoroughly 
indoctrinated i"*e Marquardt's previous problems with Vendor A. Upon 
receipt of the seat plated by Vendor B, Marquardt again lapped the sealing 
land ligh Turing this lapping operation a total of three small flaked areas 
were aga^. .^covered. One of these areas is shown in Figure 88 . The part 
was subsequently returned to Vendor B for examination and again Vendor B 
could conclude only iLa> the part may not I ive been adequately cleaned prior 
to plating. The part was therefore re-plated by Vendor B and this time lap- 
pinf o perations at Marquardt did not result in any evidence of flaking. Con- 
sequently, the seat was re-installed in the P/N X27449 Test Fixture and the 
valve was returned tc Building 37 for further cycle testing. 

The firsi baseline tests of the P/N X27449 Valve Searl No. B. disclosed 
leakage rates as follows: 


Main Seat 

Downstream Piston Seal 
Redundant Seals 
Upstream Piston Seal 
Rod Seal 


<10 sec's per hour 
53 see '8 per hour 
270 sec's per hour 
320 sec's per hour 
1900 sec's per hour 


The valve was subsequently cycled at hot, cold, and ambient temperature 
for 100,000 cycles. These cycling i.„ats disclosed excessive leakage of all 
dynamic se-Us at cold temperature and subsequently at ambient temperature. 
The excessive dynamic seal leakage also made it difficult to measure main 
seal leak?ge. 
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TABLE XIX - PROPERTIES OF SEVERAL 24K GOLD DEPOSITS 
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SEL-REX Supplies 9 More Gold Solutions Which are 99.9+ Pure 


Leakage measurements after 100,000 cycles at ambient temperature 
resulted in the following data: 


Main Seat 

Upstream Piston Seal 
Redundant Seals 
Downstream Piston Seal 
Rod Seal 


700 sec's per hour 
1200 sec's per hour 
4500 sec's per hour 
5000 sec's per hour 
7000 sec's per hour 


A photograph showing the condition c c the various dynamic seals after 10 000 

cycles of operation is shown in Figure 89 . This photograph should 1 c c mi- 
pared with Figure 66, which shows the same seals in the original conch ■ ji . 

As evident from Figure 89 , all of the dynamic seals feature a wom-oui 
condition. In particular, close examination of the rod seal shows tha* the 
bronze impregnated teflon is actually completely worn through down to the 
Eligiioy spring. Both the piston seals and the redundant seals show consider- 
able loss of material which has been transferred over to the mating parts. 

This is particularly evident on the outer diameter of the poppet as shown in 
Figure 90 . By examining the downstream piston seal in Figure 89, it may 
be also seen that the Eligiioy spring has been fairly .'fdl flattened. This con- 
dition is apparently due to the fact that the bronze imi _■ \*ated teflon shrinks 
conside- ably more at cryogenic conditions than the metal and has sufficient 
force under those conditions to collapse the spring. The Marquardt Company 
met subsequently with the seal vendor and the conclusion of this meeting was 
that the conditions the weals were being subjected to w r ere simply too severe 
and the seals were worn out. Examination of the poppet/seat sealing inter- 
face as shown in Figure 90 disclosed that a small amount of gold had trans- 
ferred f*-im the seat to the poppet. Photographs of the mating surface of the 
poppet and the seat taken through a microscope are shown in Figure 91 . The 
tmasfer of this gold resulted in the degradation of the original 1-AA finish and 
explained the 700 sec's per hour of helium leakage at 450 psia (310 K/cm") 
inlet pressure measured. It was, however, surprising to find that this surface 
finish degradation had taken place in light of the fact that the same type of gold 
lip seat had been previously cycled succ .ssfully in the rapid screening tester f 
for 200,000 cycles. The flatness of the gc’.J plated lip was subsequently checked 
on a Bendix Proficorder. Figure 92 is a reproduction of the Proficorder chart 
? hows a maximum out-of-flatnass of 0.003” (0076 cm). This is well within 
ti. acflecHon capability cf the lip (0. 006 ' )(. 0152cm). 

In an effort to determine whether the gold-plated seat surface finish de- 
gradation was a result of the change in poppt: material or change i*. poppet 
guidance from the rapid screening tester t-j the F/N X27449 Test Fixture or 
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was related to the gold-plating used on this seat, the seat from the P/N X27449, 
Serial No. B Test Fixture was installed in the rapid screening tester and cycled 
100,000 times with the tungsten carbide poppet previously successfully employed 
in the cycling of another gold-plated seat. This sealing closure evaluation effort 
resulted in the attainment of excellent sealing characteristics up to approximate- 
ly 10,000 cycles, but a subsequent leakage characteristic deterioration which 
reached 450 sec's per hour after 30,000 cycles and ranged between 300 and 450 
sec's per thereafter until 100, 000 cycles. Post test examination of the gold- 
plated lip seat and the tungsten carbide poppet disclosed the same type of gold 
transfer and surface finish degradation observed upon completion of the 190,000 
cycles in the P/N X27449 Test Fixture. Consequently, it was concluded that 
this gold-plating was not the same as the gold-plating originally successfully 
demonstrated in the rapid screening tester. Unfortunately, the correct call- 
out for the successful gold-plating is not known at this time because the gold- 
plating vendor kept insufficient records. 

A summary of the P/N X27449 Valve test data and a comparison to the 
contract requirements is presented in Table XX. As noted previously, the 
valve test fixture was cycled 100,000 times at hot, ambient, and cold conditions. 
These tests disclosed that the dynamic bronze impregnated teflon seals are not 
suitable in their present configuration for this application. The tests also dis- 
closed that the gold-plating employed on this particular seat is not quite adequate, 
but there are apparently gold platings available which perform satisfactorily 
under the particular load conditions encountered in this valve. The valve de- 
monstrated exceptionally fast response characteristics and no response de- 
gradations were noted at ambient temperature. Low pressure drop character- 
istics of 7 psi (4. 8 N/cm 2 ) at nominal flow rates were verified during all base- 
line tests. Other valve components, such as static seals, the LVDT transducer, 
the poppet self -alignment flexure, and the sliding fits employed in this valve 
design functioned well. 

P/N X28400 - Test Results 

Initi o1 baseline tests of the P/N X28400 Valve disclosed that the pressure 
drop tlm - * the valve was 16 psi (11. 0 N/cm 2 ). This compares to a nominal 
design poult of 15 psi (10. 3 N/cm 2 ). Response testing of this valve at 375 psig 
(258 N/cm 2 ) gaseous nitrogen, 24 volt dc, and ambient temperature showed an 
opening response of 29 milliseconds and a closing response of 43 milliseconds. 

A photograph of the LVDT trace and the current trace on the oscilloscope is 
shown in Figure 93 . From this photograph, it can also be seen that the pilot 
valve opening response at this condition is 11 milliseconds and the pilot valve 
closing response is 10 milliseconds. The opening response design goal was 
30 milliseconds at 28 volts, so that the actual response achieved is slightly 
better than this goal. Similarly, the design goal for the closing response was 
30 milliseconds. This goal was not achieved and the reason for this lack of 
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achievement was not known at the time that these data were taken. However, 
upon completion of the P/N X28400 test program and disassembly of the valv 
it was discovered that an inlet filter had been installed in the supply pressure 
line to the pilot valve that featured only a 0. 075 inch (. 1905 cm) orifice. The 
purpose of this inlet filter was to prevent contamination from being introduced 
into the pilot valve during the disconnecting and reconnecting of the pressure 
supply line for leak-check purposes. Analog computer simulation of the dyna- 
mics of this valve had previously predicted that a pressurizing orifice of 
0. 100" (. 254 cm) was required in order to achieve the 30 milliseconus response 
time. Consequently, it is apparent that the smaller filter orifice was control- 
ling the flow to Ihe pilot valve and resulted in the slower closing response per- 
iox nance. (It should be noted that the opening response is not affected by this 
orifice since the pressure behind the poppet is bled overboard through the vent 
port of the pilot valve to open the main valve, and thus is not affected by an 
orifice installed in the pressure supply port of the pilot valve. ) 

Initial leak checks of the main valve and the pilot valve disclosed leakage 
rates of 0 and 25 sec's per hour of helium at 450 psi (310 N/cm^) inlet pressure, 
respectively. These data and leakage data obtained subsequently during the 
cycling of the P/N X28400 Test Fixture are plotted in Figure 94 . After 
ambient leakage tests, the test fixture was heated to 390°F (199°C and the leak 
checks were repeated. At this point pilot valve leakage increased to 35 sec's 
per hour and main valve leakage to 85 sec's per hour. The valve was then 
cycled at 390°F (199°C) for 1,000 cycles. Another leak check at elevated 
temperature disclosed main seat leakage of 80 sec's per hour and pilot valve 
seat leakage of 185 sec's per hour. The valve was then cooled to -260°F 
(-162°C and leak checks were repeated prior to any actuation of the valve. At 
this point, the main valve leakage decreased to zero and the pilot valve leakage 
increased to 1,000 sec's per hour. The valve was then cycled cold for 9,000 
cy es followed by additional cold and ambient leak checks, and this was followed 
by 90, 000 cycles at ambient temperature. The various leakage data measured 
are evident from Figure 94. 

In summary, leakage testing showed a gradual degradation of the pilot 
valve leakage characteristics from an initial 25 sec's per hour to approximately 
7,000 sec's per hour after 100,000 cycles. The sealing closure interface 
featured in the pilot valve was not based an the sealing closure development 
accomplished during this program, but rather was an interface which was avail- 
able fro' the pilot valve vendor. The emphasis on the leakage testing was , of 
course, on the main valve. As indicated from Figure 94 , leakage measure- 
ments on the main valve proved to be somewhat erratic. This erratic behavior 
led to the suspicion that the static seal which is in paraU with the main seat 
in the valve might have been leakin': during the cyclin , rogram. Consequently, 
at the conclusion of the test program when the valve teatured a leakage if 
approximately 95 sec's per hour, the valve outlet adapters were removed and 
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a leak check solution was applied, first at the location of the static seal and 
then at the poppet/seat interface. There was noticeable bubbling from the 
static seal crevice, but absolutely no evidence of bubbles from the poppet/seat 
interface. Consequently, it was concluded that most of the leakage, if not all 
of the leakage, observed on the main valve was due to the static seal rather 
than to the poppet/seat interface. This conclusion was further reinforced by 
the discovery of another problem during the disassembly of the P/N X28400 
Valve. 

During disassembly of this test fixture it was discovered that the lock 
nut holding the axial guidance flexure in position had backed off approximately 
3/4ths of a turn. This corresponds to an axial play of 0. 020 inches (0508 cm). 
The particular lock nut may be seen in Figure 95 in the outlet of the valve at 
the center of the three-legged spider. The looseness of the lock nut allowed 
considerable radial displacement of the axial guidance flexure and the poppet/ 
bellows assembly. This radial displacement resulted in rubbing of the bellows 
against the flow shield around the bellows and also of the area scheduler a- 
gainst the valve inner body. A photograph of the damaged bellows assembly 
is shown in Figure 96 . Close examination of this photograph reveals that 
the top two convolutions have lost considerable material on their outer dia- 
meter. The particles generated during this rubbing inadvertantly resulted in 
a seat contamination tolerance te3t. Figure 97 is a photograph of the poly- 
imide sealing land at a magnification of 105. This photograph shows one 35 
micron particle, one 20 micron particle and numerous smaller particles 
imbedded in the polyimide. Furthermore, examination of the static teflon 
seal revealed that it, too, had imbedded numerous metal particles which 
must have been the result of some gas flow past the static seal. It is very 
probable that gas flow past the static seal did occur during each opening 
cycle since the loose lock nut allowed the seal cavity to expand by the 0. 020 
(. 0508 cm) dimension every time the valve opened. 

A final summary of the P/N X 28400 valve test data is presented in 
Table XXI . Except for the changes in leakage rates and the damage resulting 
from the loose lock nut, there was no apparent degradation in valve perform- 
ance characteristics throughout the valve cycling program. It was believed 
that by providing the lock nut with a positive mechanical lock and by incorp- 
orating into the pilot valve a sealing closure which is oased on the sealing 
technology developea during this program, the P/N X28400 Valve would prove 
to be a very reliable, high performance concept. Consequently, additional 
funding was obtained to refurbish the P/N 28400 valve fixture and conduct 
extended cycle tests. 
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TABLE XXI - X284 00 VALVE TEST DATA SUMMARY 
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Extended Cycle Testing of P/N 284 00 Test Fixture 


During May 1972, a contract amendment was received which provided 
for refurbishment of the subject test fixture and the requirement to extend 
testing to cover 1, 000, 000 cycles. 

Test Fixture Refurbishment - A cross section of the P/N X28400 valve 
is shown in Figure 98. Previous test results and an examination of the 
valve revealed that one design change was mandatory and two others were 
desirable before additional testing was initiated. The mandatory design change 
consisted of providing a positive mechanical lock at the nut which is used to 
assemble the moving parts of the valve to prevent its loosening during cycle 
testing. The two desirable design changes which were incorporated included 
the addition of a high spring rate bumper in the valve body to reduce the poppet 
impact loads during the opening motion and the addition of a guiding sleeve to 
the area scheduler to assure engagement of the area sch duler into the bleed 
hole at all times. The valve drawings were updated in accordance with the 
design changes. 

The P/N X28400 valve was modified to incorporate these design changes. 
In addition those valve components that were damaged during the previous 
cycle tests were repaired. These included the axial guidance flexure, bellows 
assembly, the poppet and seat, and the LVDT armature. The three-way pilot 
valves were returned to the vendor for replacement of the seats with new seats 
made from polyimide. New static seals for the various pressure joints also 
were procured. 

Following the above modifications, the valve (test fixture) was reas- 
sembled in the building 32 clean room. The unit was then leak checked and 
mated with the inlet filter assembly prior to its transfer to the building 37 
GN 2 flow facility. 

Test Plan - In preparation for the extended cycling tests a test plan 
(MTP 0201) was prepared and submitted to NASA for approval. This test plan 
was a revision of MTP 0193 . These revisions primarily extended the required 
cycling tests from 100, 000 to a total of 1, 000, 000 cycles. 


Test Results - Initial acceptance tests of the P/N X28400 valve assembly 
in the clean room demonstrated a main seat leakage rate of 3 sec's per hour 
of helium at 450 psia (310 N/cm^) inlet pressure. This was well within die 
apecification requirements. Cycle testing was initiated with baseline tests 
performed initially and after 50, 000 cycles had been accumulated. These 
baseline tests consisted of leakage, opening and closing response and pressure 
drop tests. During the cycling program, valve operation was verified every 
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10. 000 cycles by ol ervation of the LVDT trace on the oscilloscope. After 

90. 000 cycles of operation it was noted that the main valve poppet was no 
longer operating, although the three-way pilot valve continued to operate. Sub- 
sequent leak checks uisclosed that tiie welded bellows assembly which is used 
as a dynamic seal an the main poppet was leaking excessively. The valve was 
subsequently disassembled to determine the nature of the bellows failure. 

Examination of the failed bellows revealed that the fifth convolution from 
the stationary end of the bellows had cracked in the heat affected zone immedi- 
ately adjacent to the inside diameter weld. Subsequent review of bellows pro- 
cessing and bellows sizing analysis resulted in the conclusion that the bellows 
vendor had stressed this bellows for a mean operating stress of 84, 500 psi 
(58, 260 N/cm^) which greatly exceeded the allowable mean operating stress 
of 43,000 psi (29,647 N/cm 2 ) for one million cycles of operation. While the 
maximum operating stress of 141,000 psi (97,215 N/cm 2 ) was within the 
allowable stress of 150,000 psi (103,420 N/cm 2 ) for the Inco 718 material, it 
was incorrectly stressed for fatigue life and simply failed after approximately 

85. 000 cycles. A review of possible alternatives to obtain one-million-cycle 
bellows life within the Part No. X28400 valve configuration determined that 
this cycle life could be attained by increasing the bellows thickness from 0. 008 
inches (. 0203 cm) to 0. 010 inches (. 0254 cm) and by reducing the valve operat- 
ing stroke by a factor of 2. 

To permit a satisfactory solution to the bellows problem and to permit 
completion of the extended cycling tests, a new bellows, correctly stressed, 
was obtained and installed in the prototype valve. Cycle testing was resumed 
and all components operated satisfactorily until 180, 000 cycles were accumu- 
lated on the valve with the new bellows. At that point, the pilot valve ceased 
to operate. Upon disassembly of the pilot valve, it was evident that the valve 
was stuck in the pressurizing mode. It was also obvious that the failure was 
the result of self-generated contamination which had caused the stem to cease. 

The nonoperating pilot valve was removed and replaced by a second pilot 
valve and testing was resumed. After an additional 220,000 cycles (total of 
400,000) the second pilot valve failed. This valve failed in the vent mode ‘*nd 
upon disassembly of the pilot valve, it was apparent that failure resulted from 
an undersized spacer used at the end of the stem. This spacer had shifted 
over to one side which resulted in very high localized stresses and resulting 
failure. Both pilot valves were then reworked, using the correct size spacer, 
cleaned and lubricated with Krytox. One of the valves was then reinstalled in 
the system and it operated satisfactorily throughout the remainder of the pro- 
gram. Leakage from the pilot valve was higher than desired throughout the 
extended cycling tests but that did not affect the operation of the prototype 
valve being evaluated. 
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Upon installation of the reworked pilot valve, testing was resumed. At 
about 500,000 cycles, the leakage rate of the P/N X28400 valve became exces- 
sively high. An examination of the valve revealed that the weld holding the 
stem which operates the LVDT armature had cracked. A close examination 
of the weld indicated that the weld was not concentric with the stem and that 
on the side where the crack appeared, there was very little fusion between the 
two parts. At that point, the part was rewelded and testing was resumed, ho 
further difficulties were encountered and 1,000, 000 cycles were achieved. 

The leakage history of the prototype valve during the extended cycle tests 
is shown in Figure 99. As is evident from this figure except for the time 
when the stem w'eld of the LVBT armature cracked at around 500, 000 cycles, 
the leak rate was much less than the allowable 100 scc/hour. During the leak 
checks, it was noted that the temperature of the gas affected the measured 
leak rate. The leak rate measurement was basically a volume measurement 
and if the leak check was made immediately after stopping the valve, when 
the gas was quite cold, a higher leak rate would be recorded because the gas 
warmed up and gave a higher reading. If the valve and gas w’ere allowed to 
reach ambient temperature before the check was made, a lower and more 
nearly correct reading would be made. After the 1,000, 000 cycles had been 
achieved, the valve was allowed to warm up before the leak check was made. 
This accounts for the apparent reduction in leak rate at the end of the test. 
Because of this temperature affect, the leak data shown ' Figure 99 are 
believed to be conservative. 

Valve response data are presented in Figure 100. The upper curves show 
the opening response and the lower ones tl ; closing response. The opening 
response was slightly higher than the desired response of 30 m. s. This 
response was higher because the pilot valve flow' orifice was smaller than 
specified. A slightly larger orifice would have resulted in a faster response 
of the prototype valva. Also shown in Figure 100 is the opening response of 
the pilot valve. As was mentioned previously, the pilot valve required replac- 
ing and rework. The increase in opening response of the X28400 valve at 
400,000 cycles is the result of the pilot valve response. The opening travel 
time was consistently about 5 m. s. As is evident from Figure 100 , the 
closing response of the X28400 valve varied considerably. The decrease 
between 300, 000 and 400,000 cycles resulted from the decrease in the pilot 
valve response. The reason for the increase in both closing response and 
travel time after 500,000 cycles is not known but evidently the rewelding and 
reassembly of the valve at that point resulted in a slower valve. The closing 
response was still below the design goal of 30 m. s. and the travel time was 
well below the design goal of 15 m. s. however. 

The valve was still operating well when testing was stopped after 
1,000,000 cycles were accumulated. Photographs of some of the parts are 
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Helium Leakage Rate - scc/hr @ 450 psi (310 N/cro^) 
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Figure 99 - Leakage Cycle History, P/N X28400 Extended Cycle Tests 
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Figure 100 - Valve Response Results, P/N X284 00 Extended Cycle Tests, 

450 psi GN 2 (310 N/cm 2 ) and 28 VJ).C. 
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shown in Figures 101 through 103. Figure 101 shows the poppet seat (the outer 
black ring Just inside the screw heads) which was polyimide. The inner black 
ring is a space between the poppet stop and the seat. The polyimide was in 
very good condition after the tests. Evidence of wear on the poppet stop is 
visible in Figure 101. 

Figure 102 shows the poppet sealing surface. This surface was still in 
excellent condition. A fine deposit of polyimide is evident on the mirror -like 
finish of the sealing surface but no degradation in the surface occurred. The 
flexure, located inboard from the sealing surface also was in excellent condition 
following the test. Figure 103 shows the end of the bellows containing the poppet 
sealing surface. The bellows also was in good condition. 





Figure 102 
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VALVE DESIGN 

Selection of Flightweight Valve Design 

Upon completion of the test fixture test programs with both the P/N 
X27449 and X28400 Valves, but before the extended cycle tests with the P/N 
X28400 Valve, a data and design review was held with the NASA-LeRC Project 
Manager at The Ma lardt Company. At that time, the data presented in the 
section entitled, "Valve Subcomponent Evaluation" and the section entitled, 

"P/N X28400 Test Fixture, " were reviewed. The original purpose of the test 
fixture tests was to evaluate various valve subcomponents. For this reason, 
the two valves tested featured substantial differences in their components. 

Table XXII is a listing of these differences. The components listed on the left 
side of Table XXII were included in the P/N X27449 Valve and the components 
listed on the right side of Table XXII were included in the P/N X28400 Valve. 

When a final comparison of these valve subcomponents was made, it was 
concluded that essentially all of the components featured in the P/N X28400 
Valve were preferred to those of the P/N X27449 Valve. Toe reasons for this 
preference are briefly discussed ’ ‘he following paragraphs. 

While both static seals and welded seals functioned well during the test 
fixture cycling program, it is believed that static seals may be more susceptible 
to adverse effects from extensive thermal cycling, an environment that was 
beyond the scope of thl3 contract, and that properly changes in the teflon after 
ten years may be more significant than ir. metallic joints and may adversely 
a v.ct static seal performance. Consequently, for the Space Shuttle application, 
a welded joint configuration is preferred. The sliding seals evaluated during 
this program proved to be unsatisfactory, whereas the bellows functioned well. 
While improvements to the sliding seal configurations could no doubt be made, 
there is nq^assurance at this time that the 100 sec's per hour of helium at 450 psi 
(310 N/cm ) inlet pressure leakage rate can ever be met reliably for one 
million cycles at the high sliding velocities and over the temperature range of 
interest for the Space Shuttle Auxiliary Propellant Valves Program. Consequently, 
the bellows is preferred. Flexure poppet guidance is preferred to sliding poppet 
guidance since it assures repeatable and precise guidance of the poppet assembly. 
The repeatability of sliding poppet guidance will always be limited to the clear- 
ances between the sliding parts. Furthermore, sliding surfaces do generate con- 
tamination, whereas this undesirable characteristic is eliminated with the flexure 
guidance. In comparing a pressure balanced poppet with a pressure unbalanced 
poppet design, it is apparent that the pressure balanced poppet is a more com- 
plicated configuration since it requires at least one additional dynamic seal. 

Thus, the pressure balanced poppet would appear to be a less reliable con- 
figuration. Although it is recognized that pressure balancing does result in a 
faster response configuration, the respc j»e characteristics of the pressure un- 
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TABLE XXII - VALVE SUBCOMPONENT SUPPORTING PARTS TRADEOFF 



balanced poppet are satisfactory for this application and consequently, this 
latter configuration is preferred. 

Sealing Closure No. 2, the flat polyimide seat, is considered more 
desirable than the gold-plated lip seat since the polyimide appears to be in- 
herently less contamination sensitive and since Marquardt was unable to con- 
clusively demonstrate the optimum gold-plating during this program. In com- 
paring a double -action cylinder with a single -action cylinder and spring return, 
it is again noted that the double -action cylinder is more complicated and, 
therefore, less reliable than the single-action cylinder and spring return. 

This is due primarily to the requirement of at least one additional dynamic 
seal and one additional pilot valve for the double-action cylinder. While the 
double -action cylinder does result in faster response characteristics, the 
response characteristics of the single-action cylinder and spring return are 
considered satisfactory and this configuration was, therefore, chosen for the 
Space Shuttle Auxiliary Propellant Valves application. 

Finally, location of the poppet stop downstream of the seat appears more 
desirable than upstream of the seat, since the impact of the poppet on the stop 
will result in some contamination generation regardless of how minute this 
might be and since it is not desirable to pass this contamination through the 
poppet/seat interface. In summary, the valve subeompone nls generally 
featured in the P/N X28400 Test Fixture were considered the preferred com- 
ponents and approval was received from the NASA-LeRC Project Manager for 
the preparation of a final flightweight valve design layout generally conforming 
with this configuration. 


Design Layout 

A detailed valve design layout of the final flightweight valve configuration 
is shown in Figure 104. This valve is of the coaxial configuration and 
features an integral three-way pilot valve. Examination of Figure 104 shows 
that the effective bellows diameter is greater than the effective sealing dia- 
meter at the poppet/seat interface. By venting the left side of the poppet 
through the three-way pilot valve overboard, the area between the effective 
bellows diameter and the sealing diameter is acted upon by the valve inlet 
pressure to cause an opening force upon the poppet/bellows assembly. This 
force accelerates the poppet until the poppet strikes the impact absorber. 

Once the pressure downstream of the valve builds up, an increased pressure 
force is available to lock the poppet in the open position. To c. >se the valve, 
the left side of the poppet is simply repressurized with the valve inlet pressure 
by means of the three-way pilot valve and this pressure force, in combination 
with the spring forces from the axial guidance flexure and the bellows, return 
the poppet to the closed position. The poppet is stopped in the closed position 
by means of a poppet stop to minimize the impact energy transferred to the 
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valve seat. The valve seat, in effect, is mounted on a spring support | 

structure which controls the poppet/seat interface load in the closed position. i 

Guidance of the poppet/bellows assembly during the opening and closing P 

motions is provided by means of an axial guidance flexure assembly which, i 

in turn, is supported on a centrally located shaft rigidly attached to the outlet 
of the valve. A mechanical tang has been incorporated in the nut which makes t 

this shaft assembly rigid to prevent the nut from loosening during valve cycling. j 

The valve configuration shown in Figure 104 also features an integral | 

LVDT transducer to monitor valve position. Although the valve mechanism j 

of the three-way pilot valve has been incorporated integrally with the main valve, 
the solenoid actuator required to operate the pilot valve is still located ex- l 

teraal to the main valve ami can be readily removed. Except for a single static 
seal employed between this solenoid actuator and the main valve body, the 
flightweight valve design is a completely welded assembly using a series of 
electron beam (EB) welding operations to provide die required strength, 
cleanliness, and welding quality needed for such hardware. The principal 
material of construction is Ineo 718, heat-treated and welded in the heat-treated 
conditions. This material was selected because of its demonstrated structural 
properties in hydrogen and oxygen environments at the temperatures and pres- 
sures specified for operation. Other materials used ... the construction of this 
valve are Type 321 stainless steel for the pilot valve inlet tubing, polyimide 
for the valve seats, Type 430 stainless stoc jr magnetic parts of the solenoid, 

303/304 stainless steel for the non-magnetic ^jarts of the solenoid, a Type 
440 -C stainless steel ball for the pilot valve poppet, copper and nichrome coil 
wiring in the solenoid, Carpenter HP 49 material electrolized in the LVDT 
armature, Type 316 stainless steel in the LVDT pressure vessel. Type 304 
stainless steel in LVDT cover, and copper windings in the LVDT. 

In general, the valve design is not particularly subject to critical fits 
and dimensions. The only critical specification relates to the sealing closure 
interface as defined by the surface finish, flatness and parallelism of the sealing 
surfaces. These are called out in Figure 104. The valve consists of three 
subassembly components: 

• Centerbody assembly 

• Poppet assembly 

• Seat assembly - Outlet housing 

A pilot valve solenoid, a position indicating LVDT, and assorted shell elements 
complete the valve. The total valve weight is calculated to be 4. 98 lbs £2.26 Kg). 

Interface definition lacking, the layout shows sockets for the connections of supply 
and discharge tubing. Alternate arrangements for mounting the valve on rocket 
injector pads can be made when the engines are selected. 

The sequence of assembly and the important processes are : 
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1. Centerbody Assembly Quiet Side) 

a. The LVDT armature diaphragm is pressed into its pilot diameter 
socket and EB welded. 

b. The pilot valve subassembly with a straight pressure supply tube 
is then formed into the flexible shape shown and aligned with the 
hole in the conical-inlet shell. 

c. The LVDT coil assembly is installed, its electrical responses 
verified and then EB welded into three tank standoffs. 

d. The conical inlet shell is EB welded to the centerbody and then 
the pilot pressure supply tube is welded to the cone shell using 
the inert gas technique. 

e. The outer inlet housing is EB welded to the centerbody. 

2. Centerbody Assembly (Discharge Side) 

a. The poppet impact absorber is EB welded. 

b. The impact absorber and the centerbody stop surfaces are machined 

to provide the 0.015 inch (.0381 cm) offset deflection dimension needed 
for energy absorption. 

c. The poppet assembly is installed and EB welded to the centerbody. 

d. The bellows shroud is installed and EB welded at its three 
strut locations. 

e. The seat assembly -outlet housing structure is EB welded to the outer 
diameter of the centerbody. 

f. The pilot valve solenoid adapter is EB welded to the centerbody 
boss projection. 

3. Poppet Assembly 

a. The axial guidance flexures are assembled with foil braze alloy, 
vacuum furnace brazed and heat treated after brazing. 

b. The axial guidance flexure cartridge inside and outside diameters 
are machined after the end diaphragm and flow guide are EB welded 
to the flexure ring extensions. 

c. The bellows assembly is inert gas welded to the poppet and the 
poppet adapter flange. 

d. After helium leak check, the poppet diameters are machined to 
mate with the flexure assembly. 


198 



-'fo'Jfr 


e. 


r-A' *l 


i 




£ 


{ 


The poppet is lapped and polished to the required surface finish. 
Surface protection is maintained from this operation on. 


f. The poppet is EB welded to the flexure assembly at the diametral 
joint remote from the ooppet sealing surface. 

g. Installation of the draw bolt into the flexure assembly is followed 
by EB welding the LVDT armature assembly into the poppet 
diaphragm. 

h. The poppet assembly is assembled under 2-c above. 


4. Seat Assembly - Outlet Housing 

a. The outlet housing, seat adapter and spring support, and poppet 
stop are assembled and vacuum furnace brazed and heat treated. 

b. The brazed assembly is machined to provide true pilot diameters 
needed for final assembly. 

c. The polyimide seat is installed, and lapped and polished to the 
required surface finish. Seat protection is maintained. 

d. The outerbody shell extension is EB welded to the outlet housing. 

e. The shell extension pilot diameter is machined in a final turning 
operation. 

f. The seat assembly is matched to the centerbody assembly under 
2-c above. 

g. The draw bolt antirotation key is installed and the draw bolt torqued 
to its required preload. The key tank is inert gas welded to the 
retaining hex nut. 


Installation of the pilot valve solenoid completes the valve assembly. 

Refurbishment of either the poppet or seat can be accomplished by removing 
the shell extension and remachining its fit-up diameters. The poppet and the seat 
are then exposed for further rework, refurbishing or replacement. Rebuilding 
the valve follows the above outlined procedure. 


Performance characteristics of this flightweight valve conform to the 
contract requirements as listed in Table XXI. 
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CONCLUSIONS AND RECOMMENDATIONS 


The Advanced Technology for Space Shuttle Auxiliary Propellant Valves 
Program successfully demonstrated a prototype v^lve test fixture for one million 
cycles of operation. Furthermore, the inherent design features of this test fix- 
ture have the capability of operating for ten years with zero maintenance as 
required by the Space Shuttle mission. In generating the valve technology to 
permit this demonstration the subject program utilized analytical models for 
the static leakage through a sealing closure interface as well as for the sealing 
closure interface degradation due to wear. Furthermore a substantial number 
of valve subcomponents showing promise for long life with zero maintenance 
capability were evaluated. In addition to the excellent leakage results obtained 
during this program, very fast response characteristics were also demonstrated. 
Total opening or closing responses of 11 milliseconds at operating pressures of 
450 psia (310 N/cm 2 ) for this size of valve had not been demonstrated previously. 

The program again demonstrated that a thorough initial analytical effort 
to define the valve subcomponent configurations is essential to the successful 
development of high capability valves. This was particularly evident in the 
case of the critical bellows assembly utilized for the one million cycle life 
demonstration during this program. Sufficient experimental data was obtained 
during this program to substantiate the analytical model for static leakage 
through a sealing closure. However, insufficient data was obtained to confirm 
the wear model for the sealing closure interface. Indications are that the wear 
model as it was defined during this program is too conservative, at least as 
far as plastic sealing closures are concerned. A significant contribution to 
valve technology could be made by planning a program around Marquardt's 
analytical wear model to gain a better understanding of the significance of such 
parameters as scrubbing distance, impact loads, surface finishes, and material 
characteristics for very high life cycle valves. 

Although sealing closure contamination sensitivity was a topic of major 
concern during this program, the program scope did not permit a significant 
experimental evaluation of this matter. Some contamination sensitivity data 
was obtained with the polyimide sealing closure as a result of accidentally 
introduced contamination and this data indicated the sealing closure to be quite 
contamination resistant. Specifically, several particles in excess of 75 microns 
in size were observed imbedded in the polyimide without any noticeable rise in 
leakage rates. The program, however, in effect, did not yield any significant 
quantitative data regarding contamination tolerance of the sealing closures. It 
would be desirable to conduct a contamination tolerance program in the future 
which would permit a comparison between various sealing closure materials 
such as polyimides, plastics, metallics, ceramics, and such newer materials 
as AFE 124-D and AFE 102 to obtain quantitative contamination tolerance data 
defining both the quantity and the size of particles that can be tolerated without 
significant leakage performance degradation. 
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The subject program concentrated on optimizing the main shutoff valve. 
The pilot valve required for operation of the shutoff valve was procured from 
a subcontractor. The pilot valve design features included several sliding fits 
which resulted in the generation of large amounts of contaminant particles 
during the life cycle program. This contamination in turn resulted in leakage 
performance degradation and the jamming of one of the pilot valves. It would 
be desirable to optimize the pilot valve design and to eliminate the sliding fits 
in a manner similar to that employed on the main valve so that reliable per- 
formance of the pilot valve for one million cycles can also be demonstrated. 
Along with this effort the possibility of building an integral pilot valve/main 
valve configuration such as is shown for the flightweight valve design layout 
should be pursued. Finally, the complete flightweight valve design should be 
fabricated and test evaluated to demonstrate its performance capability and 
to substantiate the calculated weight. 
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APPENDIX A 


SEALING CLOSURE STRESS ANALYSIS 
AND 

APPENDIX B 


RAPID SCREENING TESTER STRESS ANALYSIS 


SUMMARY 


Appendix A - Sealing Closure Stress Analysis 
Appendix B - Tester Stress Analysis 

STRESS MEMO #326 


INTRODUCTION 

The attached stress analysis was made in - upport of the 5085 Valve Seal 
Program. The analysis was based on the following criteria: 


1 . 

Nominal Test Conditions: 

Stroke 

.125 in. 



Accel. (2# wgt) - 

5.2 g's 



Travel Time 

11 ms 



K. E. at Closure 

509# in /ai'u' /?. 



Seat Force (3tatic): 

20 - 200# 

2. 

Maximum Test Conditions: 

Stroke - 

. 500 in. 



Accel. (2# wgt) - 

6. 5 g's 



Travel Time 

20 ms 



K. E. at Closure - 

2500# in 2 /fcc. ‘ 



Seat Force (Static- 

200 - 1500# 


g 

3. Life 10 cycles per configuration. 

0 

4. Seat and Poppet capable of withstanding 450 psi operating pressure f r> r l n '-cl* 


5. Each Seal Lip was analyzed for a nominal deflection of . 005 in. at the bearing 
.surface, with over travel deflections tc . 008 in. as applicable for the design. 


6. 

Proof Pressure = 

1. 5 Times Operating Pressure 

7. 

Burst Pressure = 

1. 33 Times Proof Procure 

8. 

Temperature Range * 

200°R to 850°R 



IOM - A. Malek 
From: I. Dickens 


- 2 - 


16 March 1C71 
Ref: 5085/52/2-18 


SUMMARY OF RESULT S 

The table of margins is shown on Page 3. Th:? nargins are considered 
satisfactory for the purpose of meeting the structural criteria. 


METHOD OF ANALYSIS 

The structural analysis of the poppet and Beat was based on the forces reply- 
ing from the absorbtion of 2500 lbs inVsec^ kinetic energy at impact, for 10 e c \ r.l- 
The spring -supported seats were conservatively assumed to obtain the maximum 
poppet velocity at the moment of impact. This velocity was then used to calcui 
the kinetic energy oi the seat -spring system. The kinetic energy of the seat wv..-* 
then used to calculate the reaction force from the seat support springs based »'•*> 
relationship: 


K. E, - ^ Pf> where P = Impact (Reaction) Force 

6 - Deflection of Seat Spring System 
for a Unit Load 

The Reaction Force thus calculated was then used as a static load to deterav ne 
the stresses in the various components, by means of conventional structural ana , y« i 
methods. 

The tester jacket was analysed for die critical proof pressure of 670 psi beo-M* 
of the low allowable yield stress of the 304-L CRES material. Ultimate (Burst) 
stresses were not critical. 
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i ~] TABLE 1‘ 

MINIMUM STRESS MARGINS - SEALING CLOSURES 

T— _r _ " ~ ’ 1 ~ l ~~ ~ _ -T-1- ' ■ ■ 


Q 




Stress 0csi) 

Margin^ of 

Part Name 

Condition 

Remarks 

of Loads 00 

Safety 

h 

Poppet Support 

KE * 2500 lba/io. .25 t Plate 

71.2 

.96 

'--J 

Belleville 

Seat Load + 

Bending on Spring 

166 

.20 

r n 

Spring 

2500 Ibe/in. 




y 

Tung. Car. 

600 psi 

Internal Press. 

.051 in. 

.8P 


Poppet 

Proof 

Min. t" 



Lip Seal 

600 psi 

Bending on Tip 

200 

. CO 

IT 

Spherical 

Radial A = 

Bending on Seal 

138 

.0’F 

[h 

Lip Seal 

.00433 in. 





Flat Plate 

y * . 0066 

Bending on Plate 

71.3 

• .96 

f- 

L *.100 


3 

o 

• 

a 

4+ 



1 > 

-W 

Flat Plate 

y st .006 

Bending on Plate 

140 

.00 

l ' 

L = .180 


t - .0125 



Flat Plate 

y ® .008 

Bending on Plate 

141 

.00 

r-> 

L = . 65 


t- .093 



lr 



TABLE 2 



i'- 


MINIMUM STRESS MARGINS - TESTER 


ll 



Stress (ksi) 

Margins 

lr 

Part Name 

Condition 

Remarks of Loads (k) 

of Safety 


Tester Flexure 

y = .500 

Bending + Torsion 

78 

.00 

1 " 



on Flex 10® cycles 



' — 

Tester Jacket 

650 psi proof ’ 

Bending on Inner Wall 

33.5 

.07. 

- 

Tester Jacket 

Inner Plate 

Bending on Plate + Web 

20 

.75 

- 

Attach Bolts 

670 psi proof 

THD Shear in Plate Yield 

18.3 

.30 

\ - 

Tester End Cap 

600 psi proof 

Bending on End Cap 

.032 

Large 

1 . 



Min. "t" 



n- 

Tester Poppet 

Max. Impact 

Column Load on Support 

27.7 

.08 

1^ 

Support 


tube 



[- 

Coil Spring 

Solid Height 

Torsion Stress 

78 

• Wr. 
* 

l _ 
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APPENDIX A 


TABLE OF CONTENTS 


Poppet Impact and Seat Force - Max. Test Condition 
Impact Forces on Flat WC Seat and Support (L4682) 

Impact Forces on Flat Poiylmide Seat Configuration (L4677) 
Belleville Spring Analysis - Max. Energy 
Tungsten Carbide Poppet 
Copper Lip - Seal (L4678) 

Flat Up Seal - Teilon Tipped (L4683) 

Spherical Lip Seal - Teflon Tipped (L4684) 

Flat Teflon Plate Seal - L ■ . 100 (L4680) 

Flat Teflon Plate Seal - L * . 180 (L468Q) 

Flat Teflon Plate Seal - L* .55 (L4680) 


Pa^e 

1.1 -1.3 
1.4 - 1.6 
1.7 - 1.10 
1 . 11 - 1.12 

1.13 

1.14 -1.17 

1.18- 1.20 

1.21-. 1.23 

1.24- 1.28 

1.28- 1.29 
• 

1.30- 1.33 
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\?. \:iiD\y B 


TABLE OF CONTENTS 


Seal Test Rig 

P:i£*s 

Flexure Analysis - Axial Deflection 

Zs 1 - . 5 

Flexure Analysis - Side leads and Stiffness 

Z. S -2.8 

Jacket - Inner Shell 

A 

u + & 

Jacket - Inner and Outer Shell Compatibility 

2. .<} - £.1.2 

Jacket - Reinforcement Webs 

2.13 - 2. 14 

Attach Bolts, Flange Threads 

2. 15 

End Cap - Tester Adapter 

2. 16 

Poppet Sunport Tube 

2.17 

Coil Spring - Music Wire 

2. 18 

Coil Spring - Stainless Wire 

2. 19 - 2.20 
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1.0 OBJECT AND SCOPE 

The purpose of this test plan is to define the checkout testing to be performed 
with the rapid screening tester as well as to evaluate the performance of the 
10 sealing closures in the rapid screening tester. These test efforts are in 
support of the Space Shuttle Auxiliary Propellant Valves contract with the 
NASA -Lewis Research Center, as defined in Tasks I and in -A of hat contract. 
The overall objective of this contract is to develop valve technology for gaseous 
oxygen and gaseous hydrogen propellant valves for the auxiliary propulsion 
rocket engines operating at a thrust level 1500 lbs and at inlet pressures of 
20 or 400 psia. The specific objective of this test plan is to demonstrate the 
ability of various valve sealing closures to reliably seal for up to one million 
cycles while operating at the previously mentioned inlet pressures and over a 
temperature range of 200 to 850°R. 

Upon completion of the test program defined herein, sufficient confidence in 
several valve sealing closures will be established to commit them to the follow- 
on tradeoff study which results in the conceptual design and analysis of the 
actuators and supporting parts required to operate these sealing closures. 

2.0 DESCRIPTION OF TEST HARDWARE 

The rapid screening tester to be employed during this test program is defined 
o.- drawing No. L4688. This tester consists of a flexure guided poppet assembly 
which is connected to a hydraulic actuator. The actuator mass and that of the 
attached position indicator are decoupled from the poppet mass during the 
closure rr. jtion by means of a spring joint. The hydraulic servo system has the 
capability of individually varying valve seating load and valve actuation force 
during the closing motion. The poppet assembly is housed in a double wall 
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pressure vessel which permits thermal conditioning over the required tempera- 
ture range. Both the poppet and seat are readily re lovable to permit quick 
changeover of one sealing closure to another. 

The rapid screening tester will be ".tilized to evaluate a total of 10 valve 
sealing closures. These sealing closures are defined on drawings No. L4677 
through L4686. These sealing closures feature a variety of materials including 
hard metal, soft metal, teflon, and polyimide, as well as two geometrical inter- 
faces, namely spherical and flat. These sealing closures are applicable to a 
wide variety of valves including poppets, ball, butterfly, gate, etc. 

3.0 REFERENCES 

The following documents are applicable as specified in this test plan. 

3. 1. 1 Government 

Mil-P-27401 pressurizing agent, nitrogen 
3. 1. 2 The Marquardt Company 

MPS 210 - Cleanliness Requirements for Reaction Control System Engines 

4.0 GENERAL CONSIDERATIONS 

The specific objectives, methods, and required data retrieval for each test of 
the sealing closure screening test program are detailed in Section 6 of this 
test plan. In the event additional supplementary tests are considered necessary, 
an amendment specifying the test(s) to be conducted will be added. The intent 
herein is to outline the general test requirements and controls to be employed 
during f he test program. 

4. 1 Cleanliness and Handling 

• All test fluids are to be passed through multiple filters between the storage 
tanks and test valves. Filters of at least 25 fi absolute rating are to be 
installed upstream as close to the point of test valve hook-up as is possible. 
Assembly of all poppet and seats into the rapid screening test fixture prior to 
testing shall be accomplished in the Building 32 Clean Room. During this assembly 
a filter of at least 25 ft absolute rating shall be installed at the inlet to the rapid 
screening tester and this filter shall remain there during the entire test cycle 
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to prevent the introduction of contaminants into the upstream suL ol the sealing 
closure interface. Proper alignment of the poppet to the seat and satisfactory 
leakage characteristics shall also be verified in the Clean Room prior to transfer 
of the assembly to the test site. 

4. 2 Instrumentation 

The accuracy of all measuring and recording devices used during the program 
shall be verified prior to their use. Standard instrument inspection/calibration 
periods shall not be permitted to lapse during the subject test program. Test 
equipment description shall include the following minimum information: 

• Descriptive Name 

• Manufacturer's Name 

• Manufacturer's Model Number 

• Serial Number 

• Range and Accuracy 

• Frequency of Calibration 

• Date of Last Calibration 

4. 3 Facility 

a Final decision as to the adequacy of the test setup and conduct of the 
test, with the exception of the operation of the test facility, shall be 
at the discretion of the cognizant development engineer. 

• AL liaison concerning the test program shall be coordinated through 
the cognizant development- engineer. 

• The facility plumbing, seals and test setup constituents shall be of 
materials which are compatible with the test fluids being employed. 

4. 4 Test Discrepancy Procedure 

4. 4. 1 Classification 

4. 4. 1. 1 Procedural Devia'ion 

Procedural deviation is uefined as any change to this test plan test procedure, 
test setup or instrumentation which affects valve operation or data reduction. 
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4. 4. 1.2 Performance Deviation 

The objective of the screening test is to define sealing closure performance. 
Performance will be documented and evaluated in terms of the design requirements. 

4. 4. 1. 3 Malfunction 

A malfunction is defined as any operation of the test facility equipment or human 
error which causes a discrepancy in the testing. 

4. 4. 1.4 Failure 

A failure is defined as the inability of the sealing closure to provide the function 
for which it was designed while operating within the specified environment and 
operating time and/or cycles as defined in this test plan. 

4.4. 1.5 Others 

This classification includes all changes or deviations to the test plan or test 
procedure which are not defined in paragraphs 4. 4. 1. 1, 4. 4. 1. 2, 4. 4. 1. 3 or 
4. 4. 1. 4. Included in this classification would be typographical and/or obvious 
errors which occurred during the preparation of the test procedures and/or test 
plan. 

4.4.2 Discrepancy Evaluation 

4. 4. 2. 1 In the event that any problem occurs during testing, the Development Engineer 

Delegate and the Test Operation Engineer shall make a preliminary investigation. 

No action shall be taken that will destroy evidence. 

4. 4. 2. 2 Procedural deviations per paragraph 4. 4. 1. 1 and others per paragraph 4. 4. 1. 5 
shall be dispositioned per paragraph 4. 4. 3. 

4. 4. 2. 3 If the problem is suspected to be malfunction per paragraph 4. 4.1.3 i ure 

per paragraph 4. 4. 1. 4, an investigation will be conducted by the Test committee 
to determine the classification of the problem. The Test Committee shall be 
composed of the Development Engineer, the Test Operations Engineer, and the 
Project Engineer. When the classification is determined, the dispositon shall 
be made per paragraph 4. 4. 3. The step-by-step trouble shooting procedure 
shall be documented in the inspection sealing closure log bo' along with the 
reason for, and the results of each particular step. 
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4.4.3 


Disposition 


4. 4. 3. 1 If the problem is defined per paragraph 4. 4. 1. 5, a deviation sheet, Figure 1, 
shall be completed. The deviation sheet shall be initiated by the Development 
Engineering Delegate and be effective immediately. Written approval shall be 
obtained during the next regularly scheduled day shift if the discrepancy occurs 
during "off" shift operation. 

4. 4. 3. 2 In the event that the problem is defined as a procedural deviation or malfunction 
as described in paragraphs 4. 4. 1. 1 or 4. 4. 1. 3, a deviation sheet, Figure 1, 
shall be completed. The deviation sheet shall be originated by the Development 
Engineer and approved by the Project Engineer. 

4. 4. 3. 3 In the event the problem is defined as a failure under the terms of 4. 4. 1. 4, a 
Failure/Malfunction Investigation will be conducted according to Quality 
Assurance Procedure (QAP) 12. 2 except an Inspection Rejection Report (IRR) 
may not be written. The Failure/ Malfunction Investigation may be completed 


4.4.4 


during the Discrepancy Evaluation per paragraph 4. 4. 2. 

Deviation Sheet Distribution 

Copies of the approved deviation sheet shall be distributed as follows: 
Development Test Log Book 
Sealing Closure Log Book 
Test Operations Engineer 
Project Engineer 

DOCUMENTATION 


Witnesses 

The cognizant development engineer shall be informed prior to the start of all 
tests and at any time when an unanticipated situation affecting the test setup, 
method of test item occurs. The development engineer or his designated 
representative shall be present during the conduct oi tests. 

Test Data and Identification 

A history of tests completed shall be maintained in a test log book as well as in 
the sealing closure log bool; at the completion of the test program with the 
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6 . 1 . 1 


6 . 1 . 2 


particular sealing closure. The data recorded shall be marked with the 
information necessary to completely identify it. The following items are 
considered as minimum required test identification and will be the responsibility 
of the cognizant test engineer. 

• Sealing closure part number and serial number being tested. 

• Type of test to be conducted, MTP Number, and applicable 
section identification. 

• Type, range, and identification number oi each measuring 
instrument used during the tests. 

• Identification of test operator, facility, time, date, and test 
witness. 

Data Storage and Processing 

Components Engineering Group shall maintain a record of all data retrieved 
from the tests as supplied by test operations personnel. To facilitate intended 
test data processing and analysis, data reduction will be accomplished by the 
development engineer. 

DETAILED TEST PROCEDURES 
Rapid Screening Tester Checkout 
Objective 

The objective of this test series is to initially check out the rapid screening tester 
to verify its suitability for evaluation of the valve seeing closures. Checkout 
testing consists of the setting of the required strokes, seating force, opening 
force, and closing force in order to achieve the required sealing closure static 
loading and impact loading. In addition, the checkout will serve to demonstrate 
the tester cycling capability and to obtain data on the thermal conditioning per- 
formance in particular, the time required to chill or cool the sealing closures, 
and the temperature changes incurred during cycling due to heat transfer into 
the operating fluid. 

Tester Installation 

The part number L4688, Rapid Screening Tester, shall be installed in the 
southeast section of Building 37, as shown in Figure 2, and shall be provided 
with the following test fluids. 
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1. Hydraulic pressure, regulated 0-3000 psi. 

2. Filtered gaseous nitrogen, regulated 20-400 psi. 

3. Hot air temperature regulated from 700 -1000"R for a thermal conditioning. 

4. Gaseous nitrogen temperature regulated from ambient to -15(FR for 
thermal conditioning. 

6.1.3 Instrumentation 

a. The following high response (1000 cps) instrumentation shall be provided 
and shall be recorded on a dual -beam oscilloscope. 

Hydraulic piston pressure differential, -3000 psi to - 3000 psi. 

Poppet position, 0 to 1/2 inch. 

b. The following steady state (1/2 cps) instrumentation shall be provided. 

Seat temperature number 1 - 200 - 850°R 

Seat temperature number 2 - 200 - 85(FR 

Tester jacket temperature - 200 - 850°R 

Tester gaseous nitrogen inlet pressure - 20 - 400 psi 

Hydraulic supply pressure, 0 - 3000 psi 

Number of actuations, 0 - 100,000 cycles 

Water displacement cylinder, o - 20 cubic centimeters 

6.1.4 Test Sequence 

To permit the checkout testing of the rapid screening tester, one of the sealing 
closures shall be installed in the tester. Prior to assembly of the sealing closure 
into the tester, all parts upstream of the sealing closure, which wil 1 come in 
contact with the operating gaseous nitrogen, shall be cleaned per MPS 210. 

Actual assembly of the tester and sealing closure shall occur in the clean room 
cf Building 32, to assure a contaminant free system. Subsequently, the tester 
shall be moved to the test site in Building 37 and connected to various supplies 
and instrumentation as shown in Figure 2. 

The test sequence is divided into a series of ambient tests and a series of tests 
under temperature conditioning, 
a. Ambient Testing 

The purpose of this test phase is to determine the actuator forces required 
to achieve the desired terminal velocity during closure at each of the three stroke 
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conditons of intei ^st. To achieve this objective, testing will be performed 
according to the matrix shown in Table I. In addition, the sealing closure 
leakage measurement technique will be evaluated by measuring leakage at 
3 static load conditions, ramely 20, 150, and 1500 lbs. 

b. Thermal Conditioning System Evaluation 

The purpose of the thermal conditioning checkout testing of the rapid 
screening tester is to evaluate thermal response characteristics of the tester 
as well as any adjustments which may be required to the actuator forces in 
order to achieve the desired response times and closing kinetic energy levels. 

1. The first test in the series will consist of thermally 
conditioning the tester from ambient to 550 C R and 
monitoring the time required to reach equilibrium 
sealing closure temperatures. Once the steady 
state sealing closure temperatures of 65G°It has been 
achieved, this temperature shall be monitored for a 
period of 1/2 hour to determine temperature oscillations 
in the tester system. Subsequent to this period, 
the tester shall be operated at various frequencies and 
valve open times for each of the 3 stroke conditions o* 
interest, namely, 0.010, 0.125, and 0.5 inches. Valve 
responses and valve open times to be evaluated shall be 

2 

those which will result in the desired 5GC and 2500 lb in. / 

a 

3ec“ kinetic energies, which were determined during the 
phase A testing. During these tests, the sealing closure 
temperatures shall be monitored to observe temperature 
decay rates due to the cooling effect of the gaseous 
nitrogen flowing through the tester. 

Upon completion of the hot thermal conditioning system evaluation, the same 
procedure will be utilized for evaluating this system at cold conditions (200° R). 
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Subsequent to the cold test series, leak checks of the sealing closure will 
be made at both the cold and hot conditions to verify the capability of the 
leak measuring equipment to operate at these temperatures. 

6.1.4. Sealing Closure Screening Tests 

The purpose of the sealing closure screening tests is to subject each of the 
sealing closures to cycling tests at hot, ambient, and cold temperatures and to 
make periodic leak checks to verify the sealing closure capability to seal 
effectively. In preparing the test matrix, primary attention was paid to the two 
inlet pressure operating levels to make certain that the test data is directly 
applicable to the valves that will be developed during the later tasks of this 
program. Verification of the leakage math model was considered a secondary 
objective. 

It is expected that the high pressure valve configuration (400 psi inlet pressure) 

will employ a flexure guidance and will feature an impact load of approximately 
2 2 

500 lb in. /sec for the non -retractable seal configurations. The retractable 

seal configurations will, of course, feature a lower impact load. Consequently, 

initial testing with all sealing closure? will consist of operation at this particular 

pressure and impact load level. If the sealing closure passes 50, 009 cycles 

successfully under these operating conditions, the impact load will be increased 
2 2 

to 2500 lb in. /sec and the valve will be cycled at an inlet pressure of 20 psia 
and with a poppet which will allow radial movement up to 0. 004 inches. This 
configuration is considered representative of a sliding fit type low pressure 
valve. In the event that the sealing closure does not pass the 50, 000 cycle test 
series at the 400 psia inlet pressure, the impact load will be reduced to a level 
compatible with the retractable seal configuration and the valve will be recycled 
up to 50, 000 cycles under that condition. A failure of the valve to pass leakage 
requirements will be considered to have occurred when the leakage through the 
valve exceeds approximately 10 sec's per hour of helium at the particular 
operating pressure. 
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A total of 10 sealing closures will be evaluated. These sealing closures are 
presented in drawings L4677 through L4686 and are listed in Table n. The 
sealing closures include both flat and spherical interfaces 
and such material combinations as hard metal on hard metal, soft metal on 
hard metal, polyimide on hard metal, and teflon on hard metal. These sealing 
closures are applicable to a wide variety of valves as indicated in Table III. 

Initial assembly of all sealing closures into the rapid screening tester will be 
accomplished in the clean room in Building 32. At that time also, alignment of 
each of the sealing closures will be verified. The movable portion of the 
rapid screening tester will then be taken from Building 32 and installed into the 
fixed portion of the rapid screening tester in Building 37. Thereafter, testing 
in accordance with Figure 3 will be performed. Data obtained during the 
testing will be recorded in Table IV for later application to the valve leakage 
math model. Upon completion of the test matrix of Figure 3, the movable 
portion of the rapid screening tester will be returned to the clean room for 
disassembly, inspection, and photographic coverage of the sealing closure 
condition. 
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Figure 1 
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DRAWING NO. 

L4677 Flat Polyimide Seat 

L4678 Spnerical Copper Lip Seat, Bellows Loaded 

L4679 Flat Metal Seat, Flexure Aligned Poppet 

L4680 Flat Teflon Seat, Bellows Loaded 

L4681 Spherical Teflon Seat, Bellows Loaded 

L4682 Flat Metal Seat, Bellows Loaded 

L-M83 Flat Teflon Coated Lip Seat 

L4684 Spherical Teflon Coated Lip Seat 

L4685 Flat Polyimide Seat, Bellows Force Loaded 

L4686 Spherical Polyimide Seat, Bellows Force Loaded 
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10 OBJECTIVE 

Hie abjective of this test plan is to specify the tests and procedures to be used 
in acceptance testing the P/N X27449 cryogenic, coaxial shutoff valve. 

2.0 TEST PROCEDURES AND CONTROLS 

a. The valve shall be cleaned per MPS 210 and assembled in the clean room 
in Bldg. 32 and provided with an 18 micron absolute inlet filter at that time. This filter 
shall not be removed during acceptance testing in Bldg. 37. Upon completion of the 
acceptance tests , the valve and filter shall be returned to the clean room for removal 
of the filter and final packaging for shipment to the vendor. 

b. During acceptance tests the valve shall not be opened unless a minimum 
of 5 psig gaseous nitrogen is present in the valve. 

c. To facilitate installation of the upstream filter and downstream connections, 
the valve shall be provided with the P/N's T18602 and T18603 inlet and outlet fittings 

in the cle a room. The installation drawing of the valve is P/N X28195. 

2.1 Instrumentation 


Instrumentation is required to measure the following parameters over the ranges 
and with the accuracies listed: 


Parameter 


Range 

Accuracy 

Coil Resistance 

(Valves) 

0-40 ohms 

±0.2 ohms 

Coil Resistance 

(LVDT) 

0 - 200 ohms 

± 1 n 

Inlet Pressure 


0 - 6S0 psig 

± 5 psi 

Valve Pressure 

Differential 

0-40 psi 

±0.5 psi 

Flow Rate 


2.0 - 3.0 lbe/sec GN 2 
@ 375 peia, ambient 
temperature 

± .05 lbs/s< 

Internal Leakage 

50 see per 3 minutes 

± 1 see 

Pull In Current 


0-1.5 amps 

± .01 amps 

Response 


0 - 50 ms 

± 0.5 ms 
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2 = 1 Instrumentation - Continued 

Accuracy 
± .015" 
i. 0.2 volts 

X 1 

♦Utilizing signal conditioning 
equipment compatible with 
KAVLICO P/N GM 5854. 

3.0 TEST PROCEDURE 


Parameter 
Position Indication* 
Voltage 

Number of Actuations 


Range 

0 - 0.3" 

0 - 36 volts 
0 - 10,000 


The acceptance test data sheet identified as Table I shall be completed during 
the acceptance test sequence . 

3.1 Coil Resistance 


Measure and record the coil resistance between the two wires of each of the 
pilot valves at ambient temperature . 

Measure and record the coil resistances of the position transducer primary 
(Pins A to B, black and white wires); left secondary (Pins C to E, blue and blue 
stripe wires); and ripat secondary (Pins F to D, red stripe and red wires) at ambient 
temperature. 

3.2 Proof Pressure 

Slowly prersurize the valve with gaseous nitrogen or gaseous helium to a pressure 
of 1 ,000 psi for 1 minute. No permanent distortion or damage shall result. 

3.3 External Leakage 

With the valve closed and the outlet port capped, slowly pressurize the main 
valve with 650 psi GN 2 and the pilot valves with 650 psi helium . Look for gas leakage 
with snoop at all flange join's and at the vent port to the LVDT cavity. Open the valve and 
repeat the leak check at both pilot valve joints and mounting flanges . 

3.4 Internal Leakage 

Pressurize the main valve and the pilot valves with 400 psig GN 2 . Measure 
internal leakage through the main valve as well a t at the vent ports of both pilot valves. 

Cap the outlet of the main valve and open the valve. Do not supply GN 2 pressure to the 
main valve until the pilot valves are energized. Again measure the leakage at the vent 
port of each pilot valve . 
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2.5 Pull la Current 


Pressurize the pilot valves with GN 2 or helium to 650 pei. Slowly increase the 
actuation voltage and monitor the coil current at the time each valve operates. 

3.6 Opening Response 

Pressurize die main valve with 375 psig GN 2 and the pilot valves with 375 psig 
helium. Set the oscilloscope triggering to positive , sensitivity to approximately 20 v/cm 
and time base to 2 ms /cm. Monitor the LVDT output on the upper trace and the current 
to the pilot valves on the lower trace. Set die pulser to 28 VDC (at the pilot valves) 
and the pulse width to 30 ms . Verity that the plumbing to the valve is as in Figure 1 
and includes the simulated downstream injector volume. Open the valve and obtain 
Polaroid photographs of the two traces . Identity the photo with the date of test, valve 
P/N and S/N, voltage, main valve pressure and medium, pilot valves pressure 
medium, sensitivity and time base. Record the opening response from the start of the 
current rise (current trace) to completion of the valve poppet travel (LVDT trace). 

3.7 Closing Response 

All settings shall be the same as in Paragraph 3.6 except that the voltage shall 
be recorded instead of the current and the oscilloscope triggering shall be set to negative . 
Verity that the throttling valve in Figure 1 is adjusted so that the flow rate through the 
main valve is 2.57 lbs/sec GN 2 . Closing response is measured from the time of electrical 
dropout (voltage trace) to the completion of valve poppet travel (LVDT trace). 

3.8 Pressure Drop 

With the setup as shown in Figure 1, close the throttling valve , pressurize the 
main valve and pilot valves with 375 psig GN 2 and open the main valve. Gradually open 
the throttling valve. Record the pressure drop across the main valve at a GN 2 flow rate 
of 2.57 lbs/sec. 

3.9 Position Indication 

This test can be verified from the response photos . 

3.10 Failsafe Close 


With the valve open as in Paragraph 3.8, bleed the GN 2 supply pressure to zero 
and "erify (from the LVDT) that the valve closes. 
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ACCEPTANCE TEST DATA SHEET 
VALVE P/N X27449, S/N 

. EST NO. PARAMETER TEST CONDITION DESIGN GOAL ACTUAL 


3.1 

Coil Resistances 

At Ambient Temperature 



P/N 13087 NO V ive 

Across the Two Wires 

28 n 


P/N 13086 NC Valve 

Across the Two Wires 

28 ft 


LVDT Primary 

Pins A to B 

200 ft 


LVDT Left Secondary 

Pins C to E 

50 ft 


LVDT Right Secondary 

Pins F to D 

50 ft 

3.2 

Proof Pressure 

1000 PS1 

1000 PSI 

3.3 

External Leakage 

650 PSIG GN 2 

Zero Bubbles 

3.4 

Internal Leakage 

400 PSIG GN 2 

1000 scc/hr 


Main Valve 

Valves De-energized 

Total Maximum 


NO Pilot Vent Port 
NC Pilot Vent Port 
NO Pilot Vent Port 
NC Pilot Vent Port 

Valves De-energized 
Valves De-energized 
Valves Energized 
Valves Energized 

Either Position 

3.5 

Pull In Current 
NO Pilot Valve 
NC Pilot Valve 

650 PSIG, Ambient Temp. 

0.6 Am. 

Per Pilot Valve 

3.6 

Opening Response 

375 PSIG GN 2 , 28 VDC, 
Ambient Temp. , Injector 
Vol. Sima'ation, 375 
PSIG l'e to Pilot Valves . 

16 ms 

3.7 

Closing Response 

375 PSIG GN 2 , 28 VDC, 
Ambient Temp. , Injector 
Vol. Simulation, 375 PSIG 
He to Pilot Valves, 2.57 
lbs /sec GN 2 flowing. 

15 ms 

3.8 

Pressure Drop 

375 PSIG GN 2 Inlet Pressure , 
Back Pressure Throttled to 
Obtain Desired Flow Rate, 
Ambient Temperature. 

2.57 Ibs/sec 
GN 2 @ 

AP - 25 PSI Max 

3.9 

Position Indication 

Verify Proper Operation 
During Response Tests. 

Minimum 1/2” 
Deflection for Stroke 

.10 

Failsafe Close 

. Bleed Off All 
Pressures to Zero. 

Valve Should Close 


i 
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OBJECT AND SCOPE 

The purpose of this test plan is to define the testing to be performed with 
the two valve test fixtures. These test efforts are in support of the Space 
Shuttle Auxiliary Propellant Val es, contract with the NASA -Lewis Research 
Center, as defined in Tasks I and m-B of that contract. The overall 
objective of this contract is to develop valve technology for gaseous oxygen 
and gaseous hydrogen propellant valves for the auxiliary propulsion rocket 
engines operating at a thrust level 1500 lbs and an inlet pressure of 400 
psia. The specific objective of this test plan is to demonstrate the ability 
of various valve subcomponents to reliably perform for up to one million 
cycles while operating at the previously mentioned inlet pressures and over 
a temperature range of 200 to 850°R. 

Upon completion of the test program defined herein, sufficient confidence in 
various valve subcomponents will be established to permit the selection of 
subcomponents for the final valve design layout. 

DESCRIPTION OF TEST HARDWARE 

The valve test fixtures to be evaluated during this test program are defined 
by drawing P/N's X27449 and X28400. Both of these test fixtures are basically 
coaxially, pneumatically operated poppet valves. They differ primarily in 
the type of subcomponents incorporated in each configuration and in the pneumatic 
actuation mode. The P/N X27449 valve is pressure actuated to open and to 
close; the P/N X28400 valve employs an actuator which vents a single cavity 
to open and v hich repressurizes this cavity to close. 
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To facilitate testing of these test fixtures, inlet and outlet adapter fittings 
have been fabricated which are identified as P/N’s T1S602 and T18603, 
respectively. In addition, the Test Department will provide an inlet filter 
of approximately 25 microns absolute rating which will be connected directly 
to the test fixture inlet fitting during initial buildup in the Bldg. 32 Clean 
Room. Furthermore, the Test Department will provide a section of 1-1/2 
inch tubing which mates with the outlet fitting and which features a line volume 
of approximately 16 cubic inches and an orifice of 0. 84 inches in diameter to 
simulate oxidizer injector dribble volume and .:\idizer injector orifice character- 
istics. 

A schematic of the setup to be employed during this test program is shown in 
Figure 1. An installation drawing of the P/N X27449 test fixture is also 
available and is identified as Drawing X28195. 

3.0 REFERENCES 

The following documents are applicable as specified in this test plan. 

3. 1. 1 Government 

Mil-P-27401 pressurizing agent, nitrogen. 

3. 1. 2 The Marquardt Company 

MPS 210 - Cleanliness Requirements for Reaction Coni ->i System Engines. 

4.0 GENERAL CONSIDERATIONS 

The specific objectives, methods, and required data retrieval for each test of 
the valve test fixture test program are detailed in Section 6. 0 of this test plan. 

In the event additional supplementary tests are considered necessary, an 
amendment specifying the test(s) to be conducted will be added. The intent 
herein is to outline the general test requiram ents and controls to be employed 
during the test program. 


MC 
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4. i Cleanliness and Handling 

• All test fluids are to be passed through multiple filters between the 

storage tanks and test valves. A filter of at least 25 M absolute rating 
is to be installed upstream as close to the point of test fixture hook- 
up as is possible. 

Assembly of all valve test fixtures prior to testing shall be accomplished in 
the Building 32 Clean Room. During this assembly, a filter of at least 25 f* 
absolute rating shall be installed at the inlet to the test fixture and this filter 
8 hall remain there during the entire test cycle to prevent the introduction 
of contaminants into the upstream side of the test fixture. 

4.2 Instrumentation 

The accuracy of all measuring and recording devices used during the program 
shall be verified prior to their aae. Standard instrument inspection/calibration 
periods shall not be permitted to lapse during the subject test program. Test 
equipment description shall include the following m inimum information; 

• Descriptive Name 

• Manufacturer's Name 

• Manufacturer's Model Number 

e Serial Number 

e Range and Accuracy 

• Frequency of Calibration 

• Date of Last Calibration 

4.3 Facility 

e Final decision as to the adequacy of the test Betup and conduct of the 
test, with the exception of the operation of the test facility, shall be 
at the discretion of the cognizant development engineer, 
e All liaison concerning the test program shall be coordinated through 
the cognizant development- engineer, 
e The facility plumbing, seals and test setup constituents shall be of 
materials which are compatible with the test fluids being employed. 



4.4 Teat Discrepancy Procedure 

4. 4 . 1 Classification 

4. 4. 1.1 Procedural Deviation 

Procedural deviation is defined as any change to this test plan, test procedure, 
test setup or instrumentation which affects valve operation or data reduction. 

4. 4. 1. 2 Performance Deviation 

The objective of the screening test is to define sealing closure performance. 
Performance will be documented and evaluated in terms of the design requirements. 

4. 4. 1. 3 Malfunction 

A malfunction is defined as at;’ operation of the test facility equipment or human 
error which causes a discrepancy in the testing. 


4. 4. 1. 4 Failure 


4.4. 1.5 


4.4.2 
4. 4. 2.1 


4. 4.2.2 


A failure is defined as the inability of the sealing closure to provide the function 
for which it was designed while operating within the specified environment and 
operating time and/or cycles as defined in this test plan. 

Others 

This classification includes all changes or deviations to the test plan or test 
procedure which are not defined in paragraphs 4. 4. 1. 1, 4. 4. 1. 2, 4. 4. 1. 3 or 
4. 4. 1. 4. Included in this classification would be typographical and/or obvious 
errors which occurred during the preparation of the test procedures and/or test 
plan. 


Disc ret 


Evaluation 


In the event that any problem occurs during testing, the Development Engineer 
Delegate and the Test Operation Engineer shall make a preliminary investigation. 
No action shall be taken that will destroy evidence. 

Procedural deviations per paragraph 4. 4. 1. 1 and others per paragraph 4. 4. 1. 5 
shall be dlsposltloned per paragraph 4. 4. 3. 
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4.4. 2.3 


4.4.3 
4. 4. 3.1 


4. 4. 3. 2 


4. 4.3.3 


4. 4.4 


If the problem Is suspected to be malfunction per paragraph 4. 4. 1. 3 or failure 
per paragraph 4. 4. 1. 4, an investigation will be conducted by the Test Committee 
to determine the classification of the problem. The Test Committee shall be 
composed of the Development Engineer, the Test Operations Engineer, and the 
Project Engineer. When the classification is determined, the disposlton shall 
be made per paragraph 4. 4. 3. The step-by-step trouble shooting procedure 
shall be documented in the inspection sealing closure log book along with the 
reason for, and the results of each particular step. 

Discrepancy Disposition 

If the problem is defined per paragraph 4. 4. 1.5, a deviation sheet, Figure 2, 
shall be completed. The deviation sheet shall be initiated by the Development 
Engineering Delegate and b6 effective immediately. Written approval shall be 
obtained during the next regularly scheduled day shift if the discrepancy occurs 
during "off' shift operation. 

In the event that the problem is defined as a procedural deviation or malfunction 
as described in paragraphs 4. 4. 1. 1 or 4. 4. 1. 3, a deviation sheet. Figure 2, 
shall be completed. The deviation sheet shall be originated by the Development 
Engineer and approved by the Project Engineer. 

In the event the problem is defined ae a failure under the terms of 4. 4. 1. 4, a 
Failure/Malfunction Investigation will be conducted according to Quality 
Assurance Procedure (QAP) 12. 2 except an Inspection Rejection Report (ERR) 
may not be written. The Failure/ Malfunction Investigation may be completed 
during the Discrepancy Evaluation per paragraph 4. 4. 2. 

Deviation Sheet Distribution 

Copies of the approved deviation sheet shall be distributed as follows.- 
Development Test Log Book 
Sealing Closure Log Book 
Test Operations Engineer 
Project Engineer 
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5.0 DOCUMENTATION 

5. 1 Witnesses 

The cognizant development engineer shall be Informed prior to the start of all 
tests and at any time when an unanticipated situation affecting the test setup, 
method of test item occurs. The development engineer or his designated 
representative shall be present during the conduct of tests. 

5. 2 Test Data and Identification 

A history of tests completed shall be maintained in a test log book as well as in 

the sealing closure log book at the completion of the test program with the 
particular sealing closure. The data recorded shall be marked with the 

information necessary to completely identify it. The following items are 
considered as minimum required test identification and will be the responsibility 
of the cognizant test engineer. 

• Test fixture part number and serial number being tested. 

e Type of test to be conducted, MTP Number, and applicable 

section identification. 

e Type, range, and identification number of each measuring 
instrument used during the tests. 

• Identification of test operator, facility, time, date, and test 
witness. 

5 . 3 Data Storage and Processing 

Components Engineering Group shall maintain a record of all data retrieved 
from the tests as supplied by test operations personnel. To facilitate intended 
test de'a processing and analysis, data reduction will be accomplished by the 
development engineer. 
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6.0 DETAILED TEST PROCEDURES 

6. 1 Objective 

The objective of this test phase is to evaluate the two valve test fixtures and 
their subcomponents for compatibility the requirements of the Space 
Shuttle Auxiliary Propellant Valve. 1 it series consis 3 of the measure- 
ment of various valve performance chai^cieristics such as pressure drop 
response, leakage, etc. white the valve test fixtures are being cycled 100,000 
times at ambient, i-390°F, and -260°F. 

6. 2 Valve Test Fixture Installation 

The valve test fixtures shall be installed in the test setup shown schematically 
in Figure ] and located in the southwest corner of Bldg. 37 at the TMC, Van 
Nuys Test Facility. During the test series, the test item will be located in an 
environmental chamber which will be supplied with electrically heated gaseous 
nitrogen to achieve the +390°F condition and with liquid nitrogen cooled gaseous 
nitrogen to achieve the -260°F condition. The main gaseous nitrogen supply to the 
test item must be capable of supplying 3 pounds per second of gaseous nitrogen 
at a nominal inlet pressure of 375 psia and at a maximum inlet pressure of 
450 psia. A separate supply system capable of furnishing either gaseous 
nitrogen or gaseous helium through a 1/4 inch line at pressures up to 750 psia 
must be provided for operation of the test item pilot valves. 

6. 3 Instrumentation 

Instrumentation is required to measure the following parameters over the 
ranges and with the accurac. a listed: 

Parameter Range Acc uracy 

Coil Resistance (Valves) 0-40 ohms ±0.2 ohms 

Coil Resistance (LVDT) 0 -250ohms • 5 ohms 
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Parameter 

Range 

Accuracy 

Inlet Pressure 

0 - 650 psig 

± 5 psi 

Test Fixture Pressure 
Differential 

0-40 psi 

± 0. 5 psi 

Flow Rate 

2. 0 - 3. 0 lbs/GN 2 
<§ 375 psia, ambient 
temperature 

± . 05 lbs ! sec 

Internal Leakage 

50 see per 3 minutes 

± 1 see 

Pull In Current 

0 - 1. 5 amps 

± . 01 amps 

Response 

0 - 50 ms 

± 0. 5 ms 

Test Fixture Ser.t 
Temperature 

-320 to +450°F 

± 5°F 

Environmental Chamber 
Wall Temperature 

-320 to +450°F 

± 5°F 

Environmental Chamber 
Pressure 

0 - 100 psig 

± 2 psi 

Position Indication* 

0 - 0.3 " 

± .015 " 

Voltage 

0-36 volts 

±0.2 volts 

No. of Actuations 

0 - 100,000 

± 1 


♦Utilizing signal conditionir/' equipment 
compatible With KAVLICO P/N GM 5854. 


6. 4 Test Sequence 

Each of the valve test fixtures to be «_ aluated shall be thoroughly cleaned 
per MPS 210 and subsequently assern^.ed in the Clean Room in Bldg. 32. 
During this assembly an upstream filter shall be installed to assure a 
contaminant free system when the test fixture is removed to the test area 
j- Bldg. 37. The test item shall then be installed in the test setup according 
to the schematic shown in Figure 1. 
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The test sequence consists of a set of baseline test? hich are repeated 
periodically while the test fixture accumulates 100, i>00 cycles while at + 390°F, 
ambient, and -260°r temperatures, 
a. Baseline Tests 

The baseline test data sheet Identified as Table 1 shall be completed 
during the performance of the baseline tests. These tests are scheduled 
after initial installation both at ambient and at hot temperature, after 1,000 
cycles at hot and at cold temperature, after 10,000 oycles at cold and at 
ambient temperature, after 50,000 cycles at ambient temperature, and again 
after 100,000 cycles at ambient temperature. Each of the baseline tests is 
briefly discussed in the following paragraphs. 

1. Internal Leakage 

All leak checks shall be performed with the main valve and the 
pilot valves pressurized with Helium to 400 psig. 

In the closed position, measure internal leakage through the main 
valve as well as at the vent ports of both pilot valves. To determine leakage 
through the upstream piston seal of the P/N X27449 valve, remove the pressurant 
supply to the normally closed pilot valve and cap the supply port, then measure 
leakage through the vent port. Subsequently, reconnect the pressurant supply to 
the normally closed pilot valve. To measure the redundant pressure balancing 
seal leakage of the P/N X27449 valve, install the P/N T12125 test 
fteture into the outlet of the valve being careful not to exert a force greater than 
10 lbs. Measure leakage through this fixture. To measure piston rod seal 
leakage of the P/N X27449 valve, energize the normally closed pilot valve only 
and again measure leakage through the test fixture. The difference in the leakage 
rates observed during the two measurements constitutes the piston rod seal leakage. 
Deenergize the N.C. pilot valve and remove the test fixture. 

Cap the cattle* of the main valve and open the valve. Again measure 
the leakage the vent ports of each pilot valve. To measure the downstream 
piston seal leakage of *' • 174 4: valve, remove the pressurant supply of the 

normally op.r pU , the valve supply port. Measure the leakage through tta 

vent port of * .Jot valve. 
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To measure bellows leakage ctf the P/N X284G0 valve, disconnect 
the pressurant supply to the pilot valves and cap the valve supply port. Energize 
the pilot valves and measure leakage through the vent port. 

2. Opening Response 

Pressurize the main valve with 375 psig GN-, and the pilot valves 
with 375 psig helium. Set the oscilloscope triggering to positive, sensitivity 
to approximately 20 v/cm and time base to 2 ms/cm. Monitor the LVDT 
output on the upper trace and the current to the pilot valves on the lower trace. 
Set the pulser >.o 28 VDC (at the pilot valves) and the pulse width to 30 ms. 

Verify that the plumbing to the valve is as in Figure 1 and includes the simulated 
downstream injector volume. Open the valve and obtain poloroid photographs 
of the two traces. Identify the photo with the date of test, valve P/N and S/N, 
voltage, main valve pressure sad medium, pilot valves pressure and medium, 
sensitivity and time base. Record the opening response from the start of 
the current rise (curri . t trace) to completion of the valve poppet travel 
(LVDT trace). 

3. Closing Response 

All settings shall be the same as in Paragraph 2 except that the 
voltage shall be recorded instead of the currertt and the oscilloscope triggering 
shall be set to negative. Verify that the throttling valve in Figure 1 is 
adjusted ?n that the pressure drop across the main valve is 25 psi. Closing 
response is measured from the time of electrical dropout (voltage trace) to 
the completion of valve poppet travel (LVDT trace). 

4. Pressure Drop 

With the setup as shown in Figure 1, close the throttling valve, 
pressurize the main valve and pilot valves with 375 psig GN 2 arK. open the 
main valve. Gradually open the throttling valve. Record the pressure drop 
across the main valve at a GN^ flow rate of 2. 57 Ibs/sec. 
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b. Cycling Tests 

The purpose of the cycling tests is to demonstrate the ability of the 
various test fixture subcomponents to reliably perform 100, 000 cycles of 
operation and to further project the ability of these components to reach the 
1, 000, 000 cycle life goal. The test program has been divided into four cycling 
periods at various temperatures as follows: from initial installation to 1,000 
at +390°F; from 1, 000 to 10, 000 cycles at -260°F; from 10, 000 cycles to 
50, 000 cycles at ambient temperature; and again from 50, 000 to 100, 000 
cycles at ambient temperature. Baseline tests will be performed at the beginning 
and at the end of each of the cycling periods as discussed in the preceding 
section. 

During the initial buildup of the valve subcomponents into the valve 
test fixture, photographic coverage as well as dimensional inspection of all valve 
subcomponents will be obtained. These same data will again be obtained at the 
conclusion of the cycling program and a comparison of the original data with 
the final data will be made to determine what, if any, where, and/or degradation 
has occurred to the valve subcomponents. 

Actual cycling will be performed at a frequency of 10 cps and with an 
electrical pulse width of 30 ms. Gaseous nitrogen at 450 psia will be supplied to 
the main valve. 

c. Contamination Sensitivity Teat 

c To determine the sensitivity of the polyimide seal in the P/N X28400 
valve to contamination, remove the valve to the clean room in Building 32. Dis- 
assemble the downstream body from the valve. Place two nickel particles each 
of 30 and 60 micron size on the center of the sealing land 90 s apart. Reassemble 
the valve making certain that the particles do cot fall off the sealing land. Pressurize 
the valve with 400 psi Helium and without actuating it and leak check the main seat. 
Cycle the valve three times and again leak check, uisassv mbie valve and inspect 
locations where the particles were placed. 

Repeat the above procedure except place two .001" thick stainless steel 
wires across the sealing land 180 s apart instead of the nickel particles. 
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TE8T PROGRAM DEVIATION SHEET 

Sealing Closure P/N S/N Date 

Facility Building Teat No. Originator 

The following change (a hall be/waa) made to the Approved 

Projec t 

Teat Plan Titl e Valve Test Fixture Tests 

Instrumentation Hardware , Facility (Mech. ) 

Other (State) 

Change to: 


This change affects runs through 

Was: 


Reason: 


Distribution: Development Teat Log Book 

Sealing Closure Log Book 
Test Operations Engineer 
Project Engineer 


Figure 2 





FACILITY CERTIFICATION CONTROL INSTRUMENTATION EQUIPMENT LIST 

BUILDING 37 


PARAMETER/ 

COMPONENT 


Coil 

Resistance 



TYPE/RANGE 


Wheatstone Bridge 
0-10,000,000 ohms 


Test Fixture 8-1/2" Dia. 

Inlet Press. 0 - 750 psig 


Test Fixture 
Ap Press. 


Pilot Valve 
Press. 


Venturi 
Press . 


Pull in 
Current 


0-50 psi 


0 - 800 psi 


8-1/2" Dia. 
0 - 400 psi 


Ampei'es D. C. 
0 - 1.5 


Oscilloscope 


0-10 amps 
0-40 volts 


Strip Recorder 
-350°F +600°F 



Body Temp. 

Box Temp. 

Box Input Temp. 


Venturi GN 2 
Temp. 


Response 

Photos 


A ctuations 


Voltage 


Voltage 


Pulser 


Thermocouple 
Ref Jet 


Oscilloscope 

Camera 


Scaler Timer 
0-99,999 


Oscillator 


Decibles 
1 MW 



MANUFACTURE/ ro ^ T - CALEB. DUE 

MODEL NUMBER DATE DA^E 


Rubicon 

1052 


Heise 


Barton 


Ashcroft 


Heise 


Weston 530 

931 10-183 


Tektronix 
5 02 A 


Harrison Labs 


Bristol 


110 

80-253 


360 

25-500 


36 

30-4 


360 

46-225 


360 

25-352 


620 

00-190 


650 

50-258 


720 

14-127 




DUE 


DA^E 

6 

-5-72 

3-18-72 

1 

-28-72 

4 

-7-72 

4 

-6-72 



9-17-71 1 5-1-72 
I 


10-13-71 10-11-72 


8-3-71 1-26-72 



Tektronix 


Anadex 
CF 604R 


150 

30-104 



8-9-71 2-23-72 


8 - 2 - 




Hewlett Packard 
200 CD 

610 

10-169 

| 2-22-71 

2-21-72 

Hewlett Packard 
400 EAC 

530 

65-253 

8-2-71 

1-26-72 

TMC 
Model 14 

685 

00-127 

9-15-71 

3-20-72 

Pace 

730 

00- 153 

8-3-71 

1-26-72 
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FACILITY CERTIFICATION CONTROL INSTRUMENTATION EQUIPMENT LIST 

BUILDING 37 


PARAMETER/ 

COMPONENT 

TYPE/RANGE 

MANUFACTURE/ 

MODEL 

IDENT. 

MT 

NUMBER 

CA LIF. 
DATE 

DUE 

DATE 

Strain Gage 
Pwr. Supply 

Mod. PSG-3 
0 - 8 V 

Kin tel 
PSG-3 

650 

60 - 137 

1-11-71 

1-31-72 

Stop Watch 

0-30 Sec. Dial 
0-15 Min. Dial 

Minerva 

N/A 

9-4-71 

1 

io 

1 

to 

Heater 

Control 

Pyrovane 
0-1000 ®F 

Minneapolis 

Honeywell 

200 

00-485 

9-23-71 

5-4-72 

Cal Rvd 
Control 

Pyrovane 

0-1000°F 

Minneapolis 

Honeywell 

200 

00-480 

9-23-71 

1-4-72 

GN2 Flow 
Rate 

Venturi 
. 655 Dia 

TMC 

350 

00-655 

N/A 

N/A 

Internal 

Leakage 

Burette 
0-10 ML 



N/A 

N/A 

Internal 

Leakage 

Graduate 
0-200 MI. 

Corning Glass 


N/A 

N/A 

Heater 
Press . 

Dial 

0-100 psig 

Acragage 

Indicator 

only 

N/A 

N/A 

GN 2 Main 
Lane Press. 

Diai 

0-2000 psig 

U.S. Gage 

Indicator 

only 

N/A 

N/A 


